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A novel covalent organic framework (COF) based on
terphenyldiboronic acid exhibiting open pores of about 4.1 nm is
presented. The newly synthesized COF features accessible
hydroxyl groups at the inner and outer pore walls. These
functional groups serve as anchor sites for a fluorescence label
installed through a post-synthetic modification approach. By
forming o-thiocarbamate bonds, fluorescein molecules were
immobilized on the inner and outer surfaces of the pore system,
respectively. This grafting reaction was also extended to a second

COF (COF-5) and to other grafted moieties.

A great challenge in materials research is the synthesis of
crystalline porous materials in which the molecular
composition as well as physical and chemical properties can
be systematically designed. In the past few years, this goal
has been realized for a few select inorganic crystalline
materials such as zeolites,"* and for inorganic-organic hybrid
metal organic frameworks (MOFs)*® through a post-synthetic
modification strategy, allowing for structural fine-tuning to-
wards a desired functionality. Covalent organic frameworks
(COFs) represent a new class of porous and crystalline mate-
rials formed by slightly reversible condensation reactions be-
tween molecular building blocks.”™** Similar to MOFs, the
preselection of organic linkers allows for precisely tunable
metrics and composition of the framework. Moreover, due to
the great variety of potential organic linkers many different
structures with controllable physical and chemical properties
can be realized."*® Following a post-synthetic modification
approach could grant access to a great variety of covalently at-
tached functionalities. However, it is still considered a chal-
lenge to post-synthetically tune the structural and physical
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properties of a COF while maintaining crystallinity and poros-
ity as its main features.

To date, only a few post-synthetic modification reactions
in COF structures have been demonstrated. First successful
examples were reported by Jiang and co-workers, who intro-
duced azide-decorated building blocks into a boronate ester
framework. The azide anchor groups could undergo click re-
actions with alkynes in post-synthetic reactions yielding a va-
riety of different COF functionalities."” Furthermore, the re-
verse form of this click reaction starts with an alkyne-
functionalized linker in the COF framework, which is subse-
quently reacted with an azide. Using this click reaction, dif-
ferent functional groups were post-synthetically introduced to
tune the storage capacity for carbon dioxide.'® Later, Dichtel
and co-workers demonstrated a post-synthetic thiolene click
chemistry reaction in a three-dimensional COF."*"

Hydroxyl groups present another promising functionality
that can be used for post-synthetic modification reactions,
based on their small size and their great variety in available
linker molecules. Furthermore, they present a platform for di-
verse reactions with other functional groups. For example,
succinic anhydride was reacted with hydroxyl groups in a ring
opening reaction resulting in a carboxylic acid group
functionalization and improving the storage capacity of the
investigated COF for carbon dioxide.”> The CO, uptake was
also improved by introducing azobenzene and stilbene units
into a hydroxyl-functionalized COF, employing the post-
synthetic reaction of carbonyl chloride with the available
functional groups.”® In addition, the first immobilization of
an ionic liquid could be reported, obtained by forming cova-
lent ether bonds in the pores of a COF.>* The first two-step
post-synthetic modification of a COF was reported by Bein
et al. In a ketoenamine COF with pendant -NO, functional
groups, the latter were reduced to amines, leading to a pore
system decorated with accessible primary amino groups.
When amines are used as reactive groups for the condensa-
tion reactions leading to the COF lattice, pore-wall
functionalization with amino groups is only possible in post-
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synthetic modification reactions. These pendant amino Initially, the synthesis conditions for T-COF-OH were opti-
groups could then be modified with acetyl chloride in a sec-  mized with regard to solvents, solvent ratio, concentration
ond step.*® and reagent ratio (see ESIT). The synthesis was carried out in

Efforts aimed at labeling 2D polymer structures with dyes  a 10 mL Schott Duran glass vial. For this purpose, the linker
and imaging studies were reported by Schliiter and co-  molecules were added to a solvent mixture of toluene and
workers. They presented a method for decorating the edges  methanol and heated at 120 °C for 3 days. After washing the
of a 2D polymer by means of Diels-Alder reactions. For this  crude product with dry acetone, a dark-brown powder was
purpose, they chose isotopically enriched dienophiles such as  obtained. Scanning electron microscope (SEM) imaging reveals
maleic anhydride and maleimide-modified molecules carry- large sheetlike agglomerates consisting of individual particles
ing a fluorescent dye.>® (Fig. S1t). Powder X-ray diffraction (PXRD) measurements of T-

Here, we report the synthesis of a new COF structure, T-  COF-OH indicate the formation of an ordered crystalline frame-
COF-OH, based on a co-condensation reaction of 2',5-  work. Based on the symmetry of the applied building blocks, the
dihydroxy-[1,1';4'1"Jterphenyl-4,4"-diboronic acid (DHTBA) and  expected hexagonal pore system with an eclipsed AA-stacked
hexahydroxytriphenylene (HHTP) (Fig. 1a). The T-COF-OH ex-  layer was simulated using the Materials Studio software in the
hibits large open pores decorated with hydroxyl groups. In a  P6 space group (Fig. 1a). The resulting simulated X-ray diffrac-
post-synthetic modification reaction T-COF-OH was labeled  tion pattern is in good agreement with the experimental data.
with a fluorescent dye by forming o-thiocarbamate bonds, = We attribute the evident Bragg reflections at 26 values of 2.31°,
resulting in the framework T-COF-OFITC. The post-synthetic =~ 4.07°, 4.62° and 6.17° to the 100, 110, 200 and 210 planes, re-
modification process was studied regarding the crystallinity,  spectively (Fig. 1b). Moreover, a TEM micrograph of T-COF-OH
porosity and the resulting fluorescence properties. (Fig. S2f) shows crystalline COF domains consisting of well-
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Fig. 1 a) Schematic reaction pathway for the synthesis of T-COF-OH, b) experimentally obtained powder pattern of T-COF-OH (black), compared

to the calculated diffraction pattern of the eclipsed 2D layer arrangement (red) and c) sorption isotherm (® adsorption,© desorption) of T-COF-OH

(black) with calculated BET surface area.
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aligned hexagonal sheets with pore-to-pore distances of about
4.1 nm.

The porosity of T-COF-OH was assessed by N, sorption
measurements at 77 K. Prior to sorption measurements the
crude product was treated with anhydrous acetone followed
by outgassing for at least 12 hours in vacuum at 120 °C. The
obtained isotherm is shown in Fig. 1c. The COF structure
shows a typical type IV isotherm and indicates a mesoporous
structure with a calculated BET surface area of about 2000
m? ¢™'. The thermal stability of the COF was examined with
thermogravimetry in synthetic air, showing the onset of de-
composition at about 400 °C (Fig. S97).

After the successful synthesis and characterization of the
hydroxyl-functionalized mesoporous T-COF-OH, a post-synthetic
modification reaction with fluorescein-isothiocyanate (FITC)
was carried out. In a post-synthetic modification reaction, the

:3 OH
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outgassed T-COF-OH powder was suspended in a stock solution
of FITC in anhydrous acetone for seven days at room tempera-
ture (for more information see ESIf). Subsequently, the
obtained powder was washed with anhydrous acetone to remove
the non-reacted FITC molecules from the COF sample, until no
fluorescence could be detected in the supernatant.

In a successful modification scenario, the FITC molecules
can anchor to the network at different positions. As indicated
in Fig. 2a, T-COF-OH exhibits hydroxyl groups facing either
the internal pore space (green) or decorating the external sur-
face of the crystal (blue), and in addition hydroxyl groups
arising from the HHTP building blocks, presented on the
outer pore surface.

In order to evaluate the crystallinity and stability of the
framework after the modification reaction, PXRD measure-
ments were carried out. The powder diffractogram of T-COF-
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Fig. 2 a) Schematic representation of the post-synthetic modification reaction (PSM) of T-COF-OH with FITC, and b) PXRD of T-COF-OFITC (or-

ange) compared to T-COF-OH (black).
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OFITC is in good accordance with the as-synthesized pattern
of T-COF-OH (Fig. 2b), indicating that the T-COF-OH retained
its long range order under the applied reaction conditions.
ATR-IR spectroscopy investigations were carried out for the
T-COF-OH, T-COF-OFITC and the free FITC molecules. In the
spectra, a strong mode around 2011 cm ™" is apparent for the
free FITC sample, and attributed to the isothiocyanate func-
tional group. In contrast, in the T-COF-OFITC spectrum the
isothiocyanate vibration is not visible, indicating a successful
reaction and the absence of free FITC molecules in the sam-
ple (Fig. 3a). The TEM micrograph of the modified COF (illus-
trated in Fig. 3b) confirms that the morphology of the net-
work as well as its crystallinity was preserved. The material
still reveals a hexagonally ordered structure, exposing the
honeycomb pattern and the periodic channel arrangement.
Sorption measurements with nitrogen at 77 K also point to-
wards the presence of grafted FITC guest molecules in the
pore system of the COF. As shown in Fig. 3d, some meso-
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porosity is retained after the post-synthetic modification reac-
tion. The isotherm reveals a type IVa shape with a reduced cal-
culated BET surface area of about 560 m”> g~'. This loss of
accessible surface area is attributed to the occupation of the
pore system with the grafted FITC molecules. Moreover, evalu-
ation of the pore size distribution shows the retention the
main pores with a pore size of 4.1 nm (Fig. S8T).

To extend the covalent attachment concept developed
here, we transferred the same reaction conditions to the well-
known COF-5. This COF consists of HHTP and benzene-1,4-
diboronic acid and offers only outer surface hydroxyl groups
at the HHTP nodes for subsequent modification reactions.
First, we note that the framework of COF-5 also retained its
crystallinity after the modification reaction with FITC com-
pared to the non-reacted COF-5 (Fig. 4a), demonstrating that
these reaction conditions are compatible with the boronate
ester linking groups. In addition, ATR-IR investigation of the
modified COF indicates a successful modification by virtue of

500
' ~
o 400 " 3
S ® o®
o oo*®’
5 Jessees
300 "
@ ‘;
b /
@ /
2 /
o 200 _o*
@D o
R ¥
©
o _g0®
5 100"
o
>
0 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

relative pressure p/p,

Fig. 3 a) IR spectra of T-COF-OH (red), modified T-COF-OH with FITC (green) and free FITC (black) showing the removal of the isothiocyanate vibra-
tion, b) TEM micrograph partially viewed along the c-axis showing the retained hexagonal structure of T-COF-OFITC, c) fluorescence microscopy image
of T-COF-OH after PSM, and d) nitrogen sorption isotherm (@ adsorption, O desorption) of T-COF-OFITC (orange) with calculated BET surface area.
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Fig. 4 a) PXRD of COF-5-FITC (pink) compared to COF-5 (green) to illustrate the retention of crystallinity, and b) fluorescence microscopy image

of COF-5 after PSM.

the significant reduction of the isothiocyanate vibrations,
similar to the observations for T-COF-OFITC (Fig. S57).

The fluorescent properties of FITC offer another option to
study its presence in the COF samples. Hence, we imaged
both the FITC-labeled T-COF-OH and COF-5 after the modifi-
cation reactions using fluorescence microscopy. Initially, the
COFs were washed with anhydrous acetone until the superna-
tant was no longer fluorescent, confirming that all the non-
bound FITC was washed off. Both materials T-COF-OFITC
(Fig. 3c) and COF-5-FITC (Fig. 4b) showed a strong fluores-
cence signal, thus establishing the successful attachment of
FITC to the COFs. In the case of FITC grafted to T-COF-OH,
fluorescence of rather small particles can be observed which
is in good agreement with SEM results (see ESI}). Compared
to the grafted COF-5 material, T-COF-OFITC reveals smaller
particles in solution with strong fluorescence. The fluores-
cence of the grafted COF-5 sample also indicates the pres-
ence of hydroxyl-attached FITC molecules, decorating the pe-
riphery of the crystalline COF domains. As seen in Fig. 4b,
the material exhibits fluorescent agglomerated particles that
are larger than those observed for the T-COF-OFITC material.
As a negative control, we also imaged the unfunctionalized
COFs, which did not show any significant fluorescence (see
ESIT). Thus, the fluorescence observed for the FITC-labeled
COFs truly results from the attached dye.

Demonstrating the generality of the above post-synthesis
approach, we could also form o-thiocarbamate bonds between
n-octylisothiocyanate and the hydroxyl-functionalized COF in-
stead of using FITC (see ESIY). Briefly, these results illustrate
that our post-synthetic modification route of COFs pre-
functionalized with hydroxyl groups is appropriate even for
fragile COF systems such as boronate ester COFs (see Fig. S6t).

In conclusion, we could demonstrate the successful inte-
gration of a terphenyldiboronic acid based linker and HHTP
into a highly porous COF material via boronate ester forma-
tion. In addition, it was possible to incorporate small func-

4890 | CrysttngComm, 2017, 19, 4886-4891

tional groups into the framework by integrating hydroxyl
groups into the terphenyl-based COF linker. This linker al-
lows for the subsequent functionalization of the internal and
external pore environments, respectively. The incorporation
of the hydroxyl groups into the COF offers the possibility to
covalently attach different desired molecules through reactive
isothiocyanate moieties. Here we grafted a fluorescent dye
that also offered the possibility to demonstrate the successful
post-synthetic modification reaction through visualization in
a fluorescence microscope. The mild reaction conditions of our
newly established post-synthetic modification method also al-
low for the COF to retain its crystallinity and its porosity as key
features. The conversion of small functional groups in COF ma-
terials into numerous other functionalities via isothiocyanate
coupling will provide access to a large variety of future func-
tional materials with tunable pore properties of interest in
areas such as separations, catalysis and optoelectronics.
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