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We explore the growth mechanism of 3D Covalent Organic Frame-
works (COFs) using imine-linked model systems. We confirm that
3D imine COFs crystalize through an amorphous polymer inter-
mediate, whose conditional state is key for preferential generation
of the ideal porous structure over the collapsed hydrated form.

Covalent organic frameworks (COFs) are crystalline, porous
polymer networks with programmable pore sizes and high
internal surface areas."” The readily designable structure of COFs,
based on monomer choice, is ideal for a range of applications®
including separations,”’® catalysis,""™** energy devices,"*™® and
gas storage."”*° COF synthesis relies on self-assembly via reversible
covalent linkages, which allow for the correction of structural
defects during formation to generate the crystalline framework.
Of the variety of linkages employed, imine COFs are particularly
attractive due to their increased water stability over first generation
boronate ester COFs.>' The two main structural categories of COFs
are two- and three-dimensional systems: 2D COFs consist of discrete
planar sheets with non-covalent interlayer stacking, whereas 3D
COFs are interconnected, fully covalent systems. This three-
dimensional connectivity provides more control over the overall
network, as well as a broader range of potential structures. Despite
the fact that 3D COFs have multiple reported single crystals**** and
have higher potential surface areas than their 2D counterparts, 2D
frameworks have thus far achieved broader application. This is due
in part to a better mechanistic understanding of the 2D COF
formation processes.*® An increased understanding of 3D COF
growth mechanisms will provide greater control over functionaliza-
tion and design of next-generation materials.

We chose COF-300 as a model system for studying 3D imine-
linked COF formation (Fig. 1).*” Despite the adamantane-like
structure predictable from the rigid monomers tetrakis(4-
aminophenyl)methane (TAPM) and terephthaldehyde (PDA),
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Fig. 1 (A) Scheme of imine-linked COF-300 connectivity, (B) space filling
models of the crystal structures of interpenetrated porous and collapsed
COF-300, initially reported in ref. 22, highlighting the (200) spacing, and
(C) PXRD patterns generated from the reported crystal structures.
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certain synthetic challenges remain, including network inter-
penetration and structural distortion. It was recently shown that
COF-300 can be crystalized as either the expected seven-fold
interpenetrated, porous network or as a collapsed, hydrated
form.>* Even with the high degree of interpenetration, COF-300
retains 1D pores corresponding to the spacing of the (200) Miller
planes. The reported hydrated form shows a collapse of the (200)
spacing from 13.1 A to 9.8 A, as well as crystallographically
observed water molecules filling the pores. While both structures
are known, the key conditions controlling selective synthesis
have not yet been established.

The growth of COF-300 was first evaluated from fully homo-
geneous starting conditions. Heating the monomer solution
(1.8:1 dioxane:3 M acetic acid) at 90 °C for two days at
atmospheric pressure results in high yields of crystalline COF-
300 in the collapsed form (85%). The structure was confirmed
by PXRD, with the (200) diffraction peak at 8.95° 20, and shows
no evidence of the expected porous form (Fig. 2A). N, sorption
studies reveal that collapsed COF-300 has an extremely low
surface area, ca. 20 m” g~ !, which is dramatically below values
expected for porous COF-300. All activation attempts indicate
that it is extremely difficult to convert the collapsed system
into porous COF-300 via standard COF preparative conditions
(Fig. S1 and S2, ESIt). Thermogravimetric analysis of the collapsed
form at atmospheric pressure shows no appreciable change in
mass between 150 °C and degradation at 500 °C (Fig. S6, ESIT).
Correspondingly, high vacuum evacuation at elevated tempera-
tures shows no conversion to the porous COF-300 structure.
Attempts to synthesize COF-300 in the absence of added water
still result in formation of the collapsed form, suggesting that the
water released by initial imine formation is sufficient to induce
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structural distortion (Fig. S5, ESIT). The low surface area of the
collapsed form is consistent with the strong binding of water
within the distorted crystalline structure and limits application
that rely on the internal porosity. As collapsed COF-300 cannot
be easily activated into the porous COF-300 form, it is critically
important to develop conditions that reliably yield the target
porous structure.

A mechanistic analysis of the early stages of growth from
homogeneous conditions was performed to identify inter-
mediate structures. It has been established for 2D imine COFs,*
and proposed for 3D imine COFs,*” that the growth proceeds
through an intermediate amorphous gel state which is capable
of directly rearranging into the crystalline form over time. For
COF-300, upon initial addition of PDA to the TAPM monomer
solution, solids rapidly form at room temperature in high yields
(>70%). The isolated material is amorphous (Fig. 2C) and has a
low surface area of ca. 50 m”> g~ " (Fig. S8, ESIT). IR spectroscopy
of the resulting amorphous solid is distinct from the crystalline
COF-300, with the peak at 1698 cm " suggesting residual unreacted
functional groups (Fig. S12, ESIT). To establish that the amorphous
material is capable of transforming into the crystalline species,
the isolated solid was purified and re-exposed to COF-300 growth
conditions, in the absence of any additional monomer. Heating
the suspension under standard homogenous growth conditions
(90 °C, 2 days) yields crystalline COF-300. Remarkably, amorphous
regrowth yields the ideal porous COF-300 form, confirmed by
PXRD with the major (200) diffraction peak at 6.65° 20 (Fig. 2D). The
regrowth COF-300 possesses a high surface area (ca. 1000 m*> g™ ),
approximately 50-fold higher than the collapsed form. Also in
contrast to the strong water binding of the collapsed form,
porous COF-300 treated with either 1,4-dioxane or water is
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Fig. 2 Synthesis of COF-300 through both direct homogeneous conditions and isolation and regrowth of initial amorphous gel. Photos of suspensions
prior to heating. Direct synthesis yields collapsed COF-300 based on (A) PXRD and (B) N, sorption. (C) The amorphous intermediate re-exposed to
growth conditions yields porous COF-300 based on (D) PXRD and (E) N, sorption.
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Fig. 3 Modulated COF-300 growth conditions with and without toluene.
(A) Graphical representation, (B) growth solution one day at 90 °C, and
(C) PXRD of the resulting solid after two days at 90 °C.

easily activated to the ideal form with mild vacuum heating
(Fig. S3 and S4, ESIt). This establishes that isolation and puri-
fication of the amorphous solid prior to crystallization rearrange-
ment has a direct impact on the final form of COF-300 generated
during synthesis.

With amorphous regrowth identified as a method to prefer-
entially synthesize porous COF-300 over the collapsed form,
conditions were designed to better understand the structural
directing agents of the amorphous rearrangement. Control
experiments confirm that 1,4-dioxane, water, and acetic acid
are all required for rearrangement of the amorphous solid to
the crystalline form (Fig. S13, ESIt), indicating that catalyzing
imine exchange is necessary. The purification and isolation of the
amorphous intermediate expels the residual water and generates
a more dense solid, evident by visual inspection of the reaction
solutions. We hypothesize that the collapsed COF-300 structure is
driven by templating water molecules bound within the swollen
amorphous gel, where their strong binding affinity energetically
outweighs the framework distortion. To test this, conditions were
developed to modulate the hydrophobicity of the growth condi-
tions while still retaining available water for imine exchange.
Through the addition of toluene to the initial homogeneous
growth solvent (dioxane : toluene 70:30 v/v), a biphasic solvent
formed, dividing the TAPM-containing organic layer and the
3 M aqueous acetic acid layer. Upon addition of the PDA to the
top organic layer, polymer solids formed rapidly at the solvent
interface. After growth for two days at 90 °C, the biphasic condi-
tions provide an increased preference for the porous COF-300
over the collapsed form, based upon PXRD analysis (Fig. 3). As a
control, vigorous agitation of the biphasic system prior to PDA
addition results in increased initial solid formation in the top
organic layer, more similar to monophasic conditions, with a
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Fig. 4 Surface area of synthesized COF-300 as a function of the relative

intensities of (200) diffraction. Synthesis conditions are: monophasic (blue),
agitated biphasic (green), biphasic (purple), and monophasic regrowth (red).

corresponding shift towards primarily collapsed COF-300 in the
final material. This shift towards collapsed COF-300 is also
observed when the biphasic mixture is constantly stirred through-
out the reaction (Fig. S15, ESIt). While the initial growth solvent
has a strong impact on final crystalline form when starting with
soluble monomers, this directing effect is eliminated in an amor-
phous solid regrowth, where all solvent conditions explored result in
formation of the porous COF-300 (Fig. S14, ESIt). Despite the fact
that powder aggregation of the different forms is similar based on
SEM characterization (Fig. S16-S21, ESIt), these results illustrate that
the structure of the amorphous solid has a strong control over the
crystalline form of COF-300 generated during imine rearrangement.

A comparative analysis of COF-300 products establishes the
relationship between crystal form, surface area, and synthesis
conditions (Fig. 4). The ratio of porous to collapsed COF-300,
based on the (200) diffraction peak, has a clear impact on the
product’s surface area, with higher fractions of the porous form
resulting in high surface area materials. Growth conditions
direct transformation of the intermediate amorphous species
into either porous or collapsed COF-300. Biphasic conditions
yield an increased fraction of porous COF-300 compared to
monophasic conditions, with a corresponding 6-fold increase
in surface area, while the agitated biphasic mixture provides
intermediate levels. Isolation and regrowth of the amorphous
solid generally provides the highest fraction of porous COF-300.
As the collapsed COF-300 has structural distortions energetically
counterbalanced by the internally bound water, this suggests
that the ideal growth conditions require minimizing water
binding within the material during crystallization. Since the
COF can form over a wide range of porous/collapsed ratios and
corresponding surface areas, it is extremely important to control
synthesis via the growth conditions.

To establish generality of this approach, similar conditions were
applied to the synthesis of related imine-linked 3D COF-320.>®
The reported structure of COF-320 is nine-fold interpenetrated,
with a major powder diffraction (200) peak expected at 5.6°
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Fig. 5 (A) Scheme of COF-320. (B) Expected PXRD pattern generated

from the reported crystal structure (ref. 28), and experimental results under
different growth conditions.

20 based on that structure. Synthesis of COF-320 from fully
homogenous, monophasic starting conditions yields a crystal-
line material with a notably different pattern, consistent with a
collapsed form (Fig. 5). In contrast, biphasic growth conditions
yield the expected powder pattern. Consistent with COF-300,
COF-320 forms an initial amorphous solid, which when isolated
and re-exposed to growth conditions, generates the ideal COF-320
crystal form. Overall, these results indicate both structural distortion
and amorphous intermediates to be general properties of 3D imine-
linked COFs, as well as establish growth solvent modulation as a
powerful approach to selectively generate different COF structures.

Mechanistic understanding is essential to transition the
field of 3D covalent organic frameworks from initial material
synthesis to broader applications. This study establishes how
to predict and control for the synthesis of both porous and
collapsed imine-linked COFs through an amorphous inter-
mediate. We establish a preference for the porous form synthe-
sized through either a two-step isolation/purification process or
a one-step biphasic growth environment. We anticipate this
approach will be beneficial in the development of applications
for known 3D COFs as well as in the discovery of novel systems.
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