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Abstract

The research on porous functional materials has seen a great increase in activities with the
introduction of the first metal-organic frameworks (MOFs) in 1999. The construction of
porous frameworks from secondary building units and organic linkers allows for the mod-
ular construction of porous crystalline frameworks. With the development of the purely
organic covalent organic frameworks (COFs) in 2005, it is now possible to transfer this
concept to the world of organic polymers and to synthesize organic porous and crystalline
materials with a defined control over their composition and geometry.

In covalent organic frameworks, organic linkers are connected via reversible organic
reactions. While the reversibility of their formation reaction allows for the arrangement
of the building blocks in an ordered fashion, the symmetry and connectivity of the linkers
predefines the symmetry of the lattice and the size and shape of the pores in this networks.
Furthermore, by decorating the building blocks with certain functionalities, the chemical
character of the pore walls in the COF can be defined.

A comprehensive overview over the structures realized in COFs to date alongside with a
detailed discussion of synthesis strategies and applications of COFs is given in Chapter 1.
Matrices are used to depict the linker combinations that have been reported for COF
synthesis. The practical part of this work focuses on two main tasks in COF research:
the control of the crystallinity of COFs and their postsynthetic modification to tune the
properties of the frameworks. In addition, an application of postsynthetically modified
COFs in liquid adsorption is presented.

In the first project of this thesis, the structural impact of functional side groups in COFs
is investigated. For that, the benzodithiophene linker in BDT COF is functionalized with
ethoxy side chains. With this linker, the COF BDT-OEt is synthesized as crystalline,
highly porous framework. To investigate the structural changes upon incorporation of
OEt functionalized linker, a series of COFs with increasing OEt content is prepared. A
gradual, almost linear decrease of both the pore diameter and the crystallite domain
size is found for an increased content of BDT-OEt. Furthermore, the composition of the
resulting framework can be pre-determined by the ratio of the linkers used in the synthesis

allowing for a fine-tuning of the structural properties of the mixed-linker COF. Theoretical
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calculations applying Monte Carlo and DF'T simulations reveal an increasing lateral offset
of the COF layers upon incorporation of higher amounts of the OEt-functionalized linker.

In the second project, the impact of a self-assembled monolayer on the growth of COF-
5 as thin film on substrates is investigated. The study reveals a formation of thin films on
gold substrates that are non-functionalized as well as on mercaptohexadecane SAMs that
are functionalized with CH,, OH, and COOH, respectively. The films feature preferential
orientation of the crystallites with the c-direction being aligned perpendicular to the sub-
strate surface plane. For substrates functionalized with -OH or -COOH terminated SAMs,
a remarkably high degree of orientation of the crystallites was found, indicating that the
-OH and -COOH groups can act as modulating agent to promote the formation of highly
ordered COF crystallites.

Postsynthetic modification is a versatile strategy to increase the available pool of func-
tionalizations in solid materials. In COFs, this approach is to date limited to only a
few reaction pathways. In order to broaden the spectrum of postsynthetic modification
reactions in covalent organic frameworks, a reaction pathway for the incorporation of pri-
mary amines as functional groups in COFs is developed in the third project. First the
nitro-functionalized chemically highly stable S-ketoenamine-linked COF TpBD(NO,), is
synthesized. The nitro groups are then reduced to amines to yield the COF TpBD(NH,),
while preserving the crystallinity and porosity of the framework. The accessibility of the
established amino groups is demonstrated by a sequential modification, the aminolysis of
acetic anhydride to create the amide COF TpBD(NHCOCH,),.

Furthermore, the performance of the COFs is tested in the adsorption of lactic acid, a
major precursor for biodegradable plastics. A strong impact of the COF functionalization
on the adsorption performance was found, with the amino-functionalization leading to a
distinct increase in lactic acid adsorption compared to the pristine nitro-functionalized
COF.

In the last project, postsynthetically introduced primary amines are utilized to
amend the optical absorption of a COF by postsynthetic modification. The amino COF
TpBD(NH,), is applied in azo coupling with N, N-dimethylaniline and diphenylamine,
respectively. The degree of modification can be increased up to a quantitative conversion
of the amino groups to azo groups. Diffuse reflectance UV-vis measurements reveal the

impact of the azo dye functionalization on the visible absorption of the COF.
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With diphenylamine as coupling agent and a conversion of 50% of the amino groups,
a strong bathochromic shift of the UV-vis absorption can be observed, demonstrating the

tunability of the optical absorption in COFs via postsynthetic modification.
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2 1. Covalent Organic Frameworks: Structures, Synthesis and Applications

Abstract

Covalent organic frameworks (COFs) are crystalline porous polymers formed by a bottom-
up approach from molecular building units having a pre-designed geometry that are con-
nected through covalent bonds. They offer positional control over their building blocks in
two and three dimensions. This control enables the synthesis of rigid porous structures
with a high regularity and the ability to fine-tune the chemical and physical properties of
the network. This Feature Article provides a comprehensive overview over the structures
realized to date in the fast growing field of Covalent Organic Framework development; we
discuss different synthesis strategies to meet diverse demands, such as high crystallinity,
straightforward processability or the formation of thin films. Furthermore, we give in-
sights into the growing fields of COF applications, including gas storage and separations,

sensing, electrochemical energy storage and optoelectronics.

1.1 Introduction

Covalent Organic Frameworks (COFs) have attracted much interest in recent years due
to the enormous potential design space offered by the atomically precise spatial assembly
of molecular organic building blocks. COFs are crystalline, porous networks built from
organic linkers via reversible covalent bond formation.!™ The size, symmetry and con-
nectivity of the linkers predefine the geometry of the resulting framework. Thus, unlike
typical linear polymers, COFs offer positional control over their building blocks in two and
three dimensions. This control enables the synthesis of structures with high regularity and
allows for fine-tuning the chemical and physical properties of the network. The defined
nanoscale channels and spaces that are formed by the COF scaffolds represent an ideal en-
vironment for molecular storage, release and separation tasks, while the large and defined
interface is beneficial for catalysis and sensing applications. Moreover, the regularity and
connectivity of the organic units make COFs interesting candidates for applications that
depend on charge carrier transport, including optoelectronics and electrochemical energy
storage.

With their organic and crystalline character, COFs complement ’classical’ inorganic
porous crystalline materials such as zeolites,” " and hybrid-inorganic-organic metal organic
frameworks (MOFs)® 1% on the one hand, and porous organic materials without long-range

12,13

order like porous aromatic frameworks'! and polymers with intrinsic microporosity on

the other hand. The enormous possible design space available with COF structures is
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reflected in the significant number of structures that have been realized for this structural
class to date, although this research field is only twelve years young.

In this feature article, we aim to give a concise overview over the building blocks uti-
lized in crystalline COF structures to date. First, we introduce the prerequisites and the
coupling reactions for COF formation, alongside with matrices that provide an overview
over the structures that have been realized for this materials class to date. In addition to
assembling diverse molecular linkers in coupling reactions to generate the frameworks, ad-
ditional functionality can be incorporated into COFs through postsynthetic modification.
This method will be described in a subsequent section. Furthermore, we will introduce
and discuss the different synthesis techniques and morphologies realized in COF synthesis.
Thereby, a main focus will be on insights regarding the prerequisites for the formation of
a crystalline COF rather than an amorphous structure. The last part of the article will
address the multitude of properties of COFs and applications that have been realized so
far, providing inspiration for the further development and utilization of these intriguing

structures.

1.2 Coupling Chemistry and Topologies

Covalent organic frameworks are built from organic linkers wvia slightly reversible conden-
sation reactions. While the covalent bonds established in the frameworks enable a high
thermal stability, the reversible nature of the relevant coupling reactions permits the for-
mation of a crystalline structure rather than an amorphous polymer, as it allows for error
correction and rearrangement of the network by cleavage and re-formation of connections
within the lattice.

The very first COFs were made by the co-condensation of boronic acids with catechols
to form five-membered boronic ester rings as linkage between the building blocks, and by
self-condensation of boronic esters to boroxines.!4

Since then, a variety of different reactions have successfully been applied in the forma-
tion of COFs to date, see Figure 1.1 for the most commonly used reactions and Tables 1.29
and 1.30 in Section 1.3.5 for additional synthesis pathways that have been applied for only
few structures.

As boroxines and boronic esters are rather sensitive towards hydrolysis, an important
goal was the development of more stable coupling motifs, which was realized with the

introduction of the imine linkage formed by the condensation between aldehydes and
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primary amines, as well as with hydrazones, azines and imides, which will be discussed in
detail in the next section.

A further improved chemical stability was found for -ketoenamines that are formed
from primary amines and 1,3,5-triformylphloroglucinol (TPG) and undergo a second and
irreversible enol-keto-tautomerization to create networks that are stable against acids and
bases.

In a COF lattice, the geometry of the framework is predetermined by the geometry and
connectivity of the linkers. For example, trigonal planar linkers can co-condense to form
sheets with hexagonal pores, while tetragonal linkers co-condensed with linear building
blocks form tetragonal pores. These sheets then form stacks to generate a framework
with 1D-channels. COFs made from stacked two-dimensional layers are commonly named
2D COFs, whereas 3D COFs are created from building blocks with connectivity in three
dimensions, thus building up a 3D net.

An overview over common 2D geometries realized in COFs is given in Figure 1.2. To
illustrate these construction principles, a few representative COF networks (2D and 3D

COFs) are displayed in Table 1.1.
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Table 1.1: Structural diversity in COFs.

HHTP-DPB COF'® TP-COF'?

MC-COF-NiPc-
ZnPc-PPE COF?  [Ceol-ZnPc-COF?! E1E722| °

DETHZ TPE-Ph COF2* Py-Azine COF? TTF-Py-COF?8

ICOF-228 Star-COF-22°

COF-202°% 3D-Py-COF* COF-102% COF-108%

First line: COF-10, adapted with permission from ref. 15, copyright 2007 American Chemical Society. HHTP-DPB-COF, adapted with permission from ref. 16, copyright 2011
American Chemical Society. TP-COF, adapted with permission from ref. 17, copyright 2008 John Wiley and Sons. COF-S-SH adapted with permission from ref. 18, copyright
2017 American Chemical Society. Second line: NiPc COF adapted with permission from ref. 19, copyright 2010 John Wiley and Sons. ZnPc-PPE COF, adapted with
permission from ref. 20, copyright 2012 John Wiley and Sons. [Cgg]-ZnPc-COF, adapted with permission from ref. 21, copyright 2014 American Chemical Society.
MC-COF-NiPc-E{ E7, adapted from ref. 22, CC-BY 4.0 licence (https://creativecommons.org/licenses/by/4.0/). Third line: CuPc-FPBA-DETHz, adapted from ref. 23, CC-BY 4.0
licence (https://creativecommons.org/licenses/by/4.0/), TPE-Ph COF, adapted with permission from ref. 24, copyright 2016 American Chemical Society. Py-Azine COF, adapted
with permission from ref. 25, copyright 2013 American Chemical Society. TTF-Py-COF, adapted with permission from ref. 26, copyright 2014 John Wiley and Sons. Fourth line:
HBC-COF, adapted from ref. 27, CC-BY 4.0 licence (https://creativecommons.org/licenses/by/4.0/). ICOF-2 adapted with permission from ref. 28, copyright 2015 John Wiley
and Sons. Star-COF-2, reproduced in part from ref. 29 with permission of The Royal Society of Chemistry. CCOF-2, adapted with permission from ref. 30, copyright 2016
American Chemical Society. Fifth line: COF-202, adapted with permission from ref. 31, copyright 2008 American Chemical Society. 3D-Py-COF, adapted with permission from
ref. 32, copyright 2016 American Chemical Society. COF-102, adapted with permission from ref. 33, copyright 2012 John Wiley and Sons. COF-108 from ref. 34, reprinted with
permission from AAAS.
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1.3 Linkage Types of COFs

1.3.1 Boroxines and Boronic Esters

The self-condensation of boronic acids to boroxine rings and the co-condensation of boronic
acids and catechols to boronic esters were the first reactions reported for the synthesis of

COPFs.

Table 1.2: Building blocks of boroxine-linked COFs

HO, OH HO, OH HO, OH
HGBOBbH HO'BB\OH HdB O Q O BbH
COF-11435-53 SCOF-1%4 SCOF-25% SCOF-23552 SCOF-1% t.b.n.3%
HO, HO, OH HO,
- -~ €] O
tb.n.3% PPy-COF3556¢ Pyrene-COF®7 surface COF ABBAS8
HO\E,OH
HQ R
HO © Ho’B_©
o on % L)~
st Q.O g, HO @OE«OH ot OH
OH OH
OBy
R= Tolyl
X=C COF-102-tolyl8’
COF-1(0234.53,59-61 R= allyl
SCOF-3% X=Si COF-102-allyl33.62
COF-103% R =-(CHz2)11-CHs
COF-102-C,,3 (all mixed with the
tetraboronic acid)

t.b.n: structure to be named.

A full list of boroxine-linked COFs is given in Table 1.2. The slight reversibility of these
reactions enabled the formation of crystalline, porous frameworks. The self-condensation
of 1,4-benzene diboronic acid (BDBA) to form a boroxine network yielded COF-1 with a
pore diameter of 1.5 nm.

While the (approximately) eclipsed AA stacking motif is the most common packing
modality in 2D COFs, this framework stacks in a staggered fashion, that is, in AB con-
formation. Upon removal of solvent guest molecules, these layers shift towards an AA
stacking mode.*

A variety of boroxine COFs could be accessed via on-surface condensation of the cor-
responding boronic acid precursors. For example, on graphite substrates linear diboronic
acids with one to four phenyl rings and pyrene-2,7-diboronic acid were condensed to form
regular surface COFs.?

In the co-condensation of 2,3,6,7,10,11-hexahydroxytriphenylene (HHTP) and 1,4-

benzene diboronic acid (BDBA), the hexagonal framework COF-5 was formed whose layers
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stack in an eclipsed AA fashion to yield a material with hexagonal 1D channels of 2.7 nm
in diameter. COF-5 has been widely used as a model system and was synthesized using
various methods that will be discussed in detail later in this article.

The elongation of the diboronic acid unit in COF-5 from BDBA to 4,4'-
biphenyldiboronic acid leads to COF-10 with a pore diameter of 3.2 nm, while the com-
bination of HHTP with the trigonal boronic acids 1,3,5-benzene triboronic acid and with
1,3,5-benzene tris(4-phenylboronic acid) forms COF-6 (pore diameter 0.86 nm) and COF-8

(pore diameter 1.64 nm), respectively.'®

Table 1.3: Linker molecule combinations of boronic acids with linear catechols.

HO.g OH ol )
HO-§ B-OH
HO.5.OH O
Ho.‘la/@\?,OH O =
oo HO-g O O goH HO- B—OH
OH OH OH HO
HO‘B‘OH
R=H
COF-18A83-65 R=H, M=H,
R=CH Hp-COFS6
HO. i OH COF_»161§64~65 R=H, M=Zn
Hoﬁ[w R=CH»CH TPE-Ph COF?* ZnP-COF®6:67 MCOF-168
R 06F 121&643,65 R=H, M=Cu
) _COFS6
R=CH,CH,CHs CuP-COF
COF-11A46465
R
OO, R=H R=CHs M=H, R=H
HOTS YN o Ph-An-COF®? BTP-COF70 COF-667"

The reverse building principle for boronate-coupled COFs uses tridental boronic acids
and linear catechols (Table 1.3). Its first representative, COF-18 A, was prepared by the
group of Lavigne by condensing 1,2,4,5-tetrahydroxybenzene with benzene-1,3,5-triboronic
acid.53

The resulting COF is microporous with a pore diameter of 18 A, which was eponymous
for the COF. In a similar way, by using 2,6-disubstituted 1,2,4,5-tetrahydroxybenzene
units with methyl, ethyl, and propyl functionalization, COFs were synthesized with pore
diameters of 16 A, 14 A, and 11 A, respectively.®* This alkylation also increased the
degradation stability of these COFs in water.%

In contrast, a remarkably large pore system was realized by our group by
co-condensing 2,3,6,7-tetrahydroxy-9,10-dimethyl-anthracene with 1,3,5-benzenetris(4-
phenylboronic acid), thereby reaching a pore diameter of 4.0 nm.™
The unsubstituted 2,3,6,7-tetrahydroxyanthracene was co-condensed with the afore-

mentioned benzene-1,3,5-triboronic acid. The anthracene units underwent a [4p+4p| cy-
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Table 1.4: COFs with boronic ester linkage from small boronic acids without heteroatoms

in the backbone.

(see Figure 1.4)%?
M=Zn
ZnPc-COF9%
ZnPc-PBBA COF%?
ZnPc-BBA COF82

with BDBA)?"

HO‘B'OH HO~B/OH HO.B,OH
HO.5.0H HO.g OH O O O
5 0
& L b se Pes
HO’B‘OH HO’B‘OH
HoBon HoBoH HoBon
o on COF_514,39,44,48,5;,572—84 Cors
¢ Cog(-:So('é__l:gé(i) (r;ix?é-d witf; COF-1015:48.76,81,83,87-89 TP- Dione-
oo mixed-linker COFs BDBA)26 COF-10 (ap.c)® COF17.747681.85.%0 COF®
Ko oH (see Figure 1.4)22
CTC-COF?! CTC-COF-292 CTC-COF-3%
} 93
55028';11 94 Py-DBA-COF 19°
Py-DBA-COF 2
and
DBA-COF 2% Py-MV-DBA-COF
’ (mixed with the
smaller linker in
the row above)®
Star-COF-12° Star-COF-3%° Star-COF-2%°
AEM-COF-2%
OH
HO,
o O‘ TDCOF-5%
S
M=H
Pc-PBBA COF
(a.p.c.)¥”
M=Co
CoPc-COF98 .
e M=Cu X‘DAITJNINiPc
_COF9% olNg" -
NQN CuPe-COF COF (mixed
Y = i 86
Hc:©:<(’ e ‘djw — 74 with BDBA) M=Co M=2Zn
o NN I ,NN‘ o N&TSC?SSQACSOFF M=Zn CoPc-BPDA COF 100 ZnPc-Py COF?0
gfg (a.p.c.)® NiPc COF'® ﬁgﬁﬁ&i‘;’
HO OH mixed-linker COFs

a.p.c.: the catechol linker was applied in the synthesis as acetonide protected catechol; BDBA: benzene-1,4-diboronic acid.
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Table 1.5: COFs with boronic ester linkage with heteroatoms in the phenyl rings of the

boronic acid.

HO..OH HO on "% on HO., O HO.g-OH HO.5 OH
4 s A “x s
x| g \ 5 % ﬂogjo_
B, B-OH _ iy o
o - HD'BDH HO‘B‘OH HO‘B‘OH HO’E‘OH
X=8
T-COF-1103 BDT_COF57,106—108
HQ  OH - - ) 109 BDT—
B T-COF 2 (with 104405 1-S
2D additional T-COF 3103 TT-COF™* X=Se OEt CQF
HO 0.0 OH D-A COF102 o T-COF 4103 1-Se109 (also mixed
e formation) % X=Te with BDT)107
‘ormation) it
HO OH
rygn‘zw M=Ni
0| 2D-NiPe-
HO | OH
Nz* ﬁgw BTDA COF'10
HO OH

a.p.c.: the catechol linker was applied in the synthesis as acetonide protected catechol; BDBA: benzene-1,4-diboronic acid; BDT:
(4,8-diethoxybenzo[1,2-b:4,5-b’]dithiophene-2,6-diyl)diboronic acid.

cloaddition upon irradiation at 360 nm, thereby establishing connections between two
adjacent COF layers. The cycloaddition was reversible and repeatable for several cycles.®

Zhang and Zhu built a COF from an azo-group-containing diboronic acid and HHTP.
Under illumination (365 nm) 17% of the azo groups were isomerized from the trans to the
cis state while the COF structure was preserved.!%!

Thiophene is a widely used building block of polymers in organic photovoltaics. It is,
therefore, an interesting functionality for COF structures. For a detailed list of boronic
ester COFs with the heteroatoms S, Se, and Te see Table 1.5. Our group synthesized a
COF from thieno[3,2-b]thiophene-2,5-diyldiboronic acid and demonstrated charge transfer
to fullerene molecules in the COF pores.!**

Dinca and coworkers prepared a structural series of COFs using HHTP and different
thiophene-based diboronic acid units, namely 2,5-thiophenediboronic acid, bithiophene-
2,5’-diboronic acid, and thieno[3,2-b]thiophene-2,5-diyldiboronic acid. Interestingly, with
2,5-thiophenediboronic acid, the expected hexagonal structure where HHTP forms the
nodes and the diboronic acid the edges of the network was only formed when the reac-
tion was performed under strict exclusion of water and a 3:2 ratio of diboronic acid to
HHTP. If these conditions were not fulfilled, a second phase was formed, where the 2,5-
thiophenediboronic acids formed boroxine rings which then co-condensed with HHTP. No
second phase was formed with the other thiophenes.!®® The growth of oriented films of the

thieno[3,2-b|thiophene-2,5'-diyldiboronic acid containing COF has been reported.!%
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Table 1.6: COFs with boronic ester linkage and advanced nitrogen-rich groups in the

backbone of the boronic acid.

H0~B,OH
HO~B,OH HO.E,OH HO‘B/OH
@ > 0 Q oo
osN0 0Oy N0 OO
ﬁ ﬁ ‘O 5
OF™N70 N0
HoBoH O © 0”N"0
HoBoH HoBoH HoBoH
HoBoH
HO, OH
B Azo-COF10! Dro-Ar
S 2D-surface TP-Por COF112 Drp-Apyini-COF® Cg’ng’?ﬂg
Ho( )~ Jon COF 1M1
HO OH
M=Ni
HO OH Dnipc-Anpi-
ﬁ M=Ni COF115 M=Zn
A M=Co Dnipc-ApyrDI- M=Zn Dznpc-ApDI-
Homh‘__m_,gﬁ(jw CoPc- COF'™ ZnPc-NDI COF2° COF'15
HOTST l on PorDBA COF'14 M=Cu Dznpo-AnDI- M=Cu
= DCuPc’APgrDI' COF116 Dcupc-AprpI-
HO OH COF M=Cu COF115
Dcupc-AnpI-
COF115

a.p.c.: the catechol linker was applied in the synthesis as acetonide protected catechol; BDBA: benzene-1,4-diboronic acid; BDT:
(4,8-diethoxybenzo[1,2-b:4,5-b’]dithiophene-2,6-diyl)diboronic acid.

We introduced a COF containing the benzodithiophene linker benzoll,2-b:4,5-
b'|dithiophene-2,6-diyldiboronic acid and demonstrated the formation of thin oriented films
of this COF on different substrates. Furthermore, we showed electron transfer from the
electron donating COF towards fullerene moieties in the COF pores.'% We were also able
to synthesize this COF in a room temperature vapor-assisted synthesis, which will be de-
scribed in detail in Section 1.5.2.5,57 and as a mixed-linker COF with a benzodithiophene
unit bearing ethoxy side chains on the phenyl ring.'%7

Duhovi¢ and Dinca extended the scope of heteroatoms in COF linkers by synthesizing
the Se and Te equivalents of the benzodithiophene moiety. In the resulting COF structures,
these analogs increase the charge carrier mobility, showing a better mobility for the greater
chalcogen size.'" By incorporating a thiadiazole unit in the diboronic acid linker, the group
of Jiang was able to build an electron donor (thiadiazole) and electron acceptor (HHTP)
framework. !9

By wusing the tetrahedral boronic acid tetrakis(4-dihydroxyborylphenyl)methane
(TBPM) and its silicon derivative tetrakis(4-dihydroxyborylphenyl)silane (TBPS), Yaghi
and coworkers formed COFs with a three-dimensionally linked network, either by self-
condensation of the boronic acid (COF-102 and -103) or by co-condensation with HHTP
(COF-105 and -108). The frameworks possess very high surface areas, reaching 4210 m? g !
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for COF-103.% Co-condensation of TBPM and 1,2,4,5-tetrahydroxybenzene resulted in a
microporous COF with uniform pores of 0.64 nm in diameter.5®

Bunck and Dichtel applied a mixed linker strategy to incorporate truncated trigonal
linkers with a dodecyl chain or an allyl group in the COF-102 network. The framework
tolerated truncated linker content of 23% and 37% for allyl and dodecyl functionalization,
respectively.3?

In a different truncation approach, a monoboronic acid was used to partially satu-
rate boronic acid groups of TBPM in the synthesis of COF-102. Up to 36 mol% of
p-tolylboronic acid were incorporated into the framework while a crystalline and porous
structure was still formed. This strategy was also applicable with 4-nonylphenylboronic
acid, 4-vinylphenylboronic acid and 4-formylphenylboronic acid.®!

Table 1.7: COFs with boronic ester linkage with trigonal and elongated linear boronic
acids.

HO;B,OH
HO._.OH
HOOH O HO.5.OH HO.g OH
i 4o, o ® ©
OH Il o
N | < Y e Ol
@ It S Om ® ® @ ¢
O HO-g OH J OH
B O OH OH OBy,
HO™""OH HO’E‘OH
HoBoH
HO, OH X=C
HHTP-DPB y
g T—COF-OH84 COF16'76’83 COF_615 COF-815’117 C())(lis105
e Ya e DPB-COF®' =S
< > COF-108
HO, OH
= X=C
a DBA-3D-
Ho~p—=—A_Y-om COF {118
HO OH
HO OH
Nﬁ/ \ZN M=Zn M=Zn
peen S Se et ZnPo- ZnPe-
L ey DPB COF%0 PPE COF20
HO OH

El-Kaderi et al. created a COF structure with a triptycene catechol linker where the
planes of the phenyl rings are aligned in parallel to the pore channels, making the COF
pores very small and the boron sites accessible for guest molecules. The investigated
TDCOF-5 that was obtained from 1,4-benzene diboronic acid and hexahydroxytriptycene
featuring accessible boron sites and thereby enhanceding the gas sorption performance.’
Playing on the theme of non-planar building blocks, an undulated layered structure was

obtained by incorporating the bowl-shaped triangular linker hexahydroxy cyclotricatechy-
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lene into a COF lattice. The COF layers were found to have an AA stacking motif with
the cyclotricatechylene units forming columnar stacks.”!

Jiang and coworkers introduced 9,10-hydroxyphenanthrene cyclotrimer, a Cs-
symmetric macrocycle with catechol functional groups as a building block for boronic
ester COFs. By condensing this molecule with BDBA, pyrene-2,7-diboronic acid and
biphenyldiboronic acid, star-shaped COFs were formed that feature both micropores from
the macrocyclic building block and mesopores that are established by the hexagonal ar-
rangement of the linkers.?”

This concept was later expanded by the group of Zhang who elongated the edges of
the phenanthrene cyclotrimer building block and the well-known HHTP with one ethynyl
group each to form dehydrobenzoannulenes,® and by the group of McGrier who introduced
the HHTP derivate elongated by two ethynyl groups® as well as a 3D COF with the smaller
HHTP derivate,''® see Table 1.4. All of these macrocycle-based COFs possess high surface
areas. However, the small pores present in the macrocycles could not be confirmed from
the pore size distributions calculated from the nitrogen sorption isotherms in any of the
presented COFs, indicating poor accessibility of these pores, probably due to an offset in
the stacking arrangement of these COFs.

Dual-pore systems with accessible trigonal pores were later realized with another strat-
egy using the boronic acid analog of the 1,1,2,2-tetraphenylethylene core as a linker, which
was first used as the amine component in an imine COF (the amine-linker is abbreviated
ETTA). Hence, Jiang and coworkers co-condensed the boronic acid functionalized ETTA
building block (ethene-1,1,2,2-tetrayltetrakis(benzene-1,4-diyl)tetraboronic acid) with the
aforementioned linear catechol 1,2,4,5-tetrahydroxybenzene (THB) to yield TPE-Ph COF
with pores of 1.3 and 2.6 nm, respectively.?4

A widely used linker core for COFs is phthalocyanine, either in its H-form or complexed
with a metal. This molecule is a good electron donor, making it an attractive building
block for optoelectronic applications of COFs, and it offers excellent stacking ability. A
potential drawback is the poor solubility.

The most commonly used COF architecture uses phthalocyanine catechols; the first
corresponding COF was introduced by Spitler and Dichtel. They utilized a phthalocyanine
in which the catechol groups were protected by acetonide groups, thereby increasing the
chemical stability and solubility of the starting material. By co-condensing this linker with
BDBA in the presence of the Lewis acid BF;xOEt,, which served as in situ deprotecting

agent, a crystalline COF with an eclipsed stacking arrangement was formed.?”
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MC-COF-TP-E,E,E,

Figure 1.3: Structure of a boronic ester COF with three different boronic acid linkers.
Adapted from ref. 22, CC-BY 4.0 licence (https://creativecommons.org/licenses/by/4.0/).

On the other hand, phthalocyanines were used in the form of boronic acids and were
combined with linear catechols, mainly 1,2,4,5-tetrahydroxybenzene,%657 but also with
longer building blocks.” Phthalocyanine building blocks have also been utilized for the
synthesis of COFs as thin films on graphene.”™ In this context, not only BDBA but also
significantly elongated linkers were used to reach a maximum diameter of the resulting
tetragonal pores of 4.4 nm with phenylbis(phenylethynyl) units acting as a boronic acid
linker,?° see Table 1.7.

Connecting the electron-donating phthalocyanines with pyromellitic diimide, naphtha-
lene diimide, and perylene diimide as electron acceptors (Table 1.6), Jiang et al. created
COF donor-acceptor superheterojunctions.!'®16 The structurally related porphyrin core
was used in the form of a linear diboronic acid as a COF linker and co-condensed with ph-
thalocyanine catechols to form a porphyrin-phthalocyanine COF featuring a combination
of two good electron donors.''4

Utilizing the same linear porphyrin linker as electron donor in conjunction with
HHTP as electron acceptor, we created a COF that represents an integrated D-A

heterojunction.''? This and several more phthalocyanine and porphyrin-based COF struc-
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tures have been investigated as optoelectronic materials. They will be discussed in detail
in Section 1.6.5.

A great expansion of the possible COF structures is realized when COFs with mixtures
of different linkers are synthesized. Huang et al. reported a broad series of boronic
ester COF structures with up to three different boronic acid linkers in the same structure
(Figure 1.3). Most of the building blocks applied in these frameworks are mentioned
in the tables of this section, but the authors additionally introduced naphthalene-2,6-
diyldiboronic acid and (buta-1,3-diyne-1,4-diylbis(1,4-phenylene))diboronic acid as COF
linkers (Figure 1.4).%2
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Figure 1.4: Scheme of linker combinations in mixed linker COFs reported by Huang et al.
Adapted from ref. 22, CC-BY 4.0 licence (https://creativecommons.org/licenses/by/4.0/).
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1.3.2 Imines

The condensation of aldehydes and amines yields imine bonds. By reacting an aromatic
amine with an aromatic aldehyde, a conjugation of the m-systems of both linkers can be
achieved, enabling conjugation over whole 2D COF layers. The first imine COF was intro-
duced by Yaghi and coworkers in 2009. They reported a 3D COF made from tetrakis(4-
anilyl)methane and terephthalaldehyde (TA), which crystallizes in a tetragonal framework
with 5-fold interpenetration,''® see Table 1.14.

Table 1.8: Imine-linked COFs with 1,3,5-triformylbenzene as aldehyde linker

NH NH NH,
NH, 2 HE O O O Boc NHe NHz
=N, N, N N
5 - A
NH, O O A A HoN NH;
NH, NH; O O O
NH, NH, NHa
§Ho surface surface LZU- PPN-
120 122 123 125
» QCHO TH-COF-120|  oqp ” G2t | FL-COF-1 COF,,4 12" 70123 Lzu-72 o2+ | BF-COF-1

Table 1.9: Imine-linked COFs from tridental aldehydes and linear to tridental amines

NH, NHy NH,
5| 8 | 3
© N NN
NH, Qg $ ® WA
NH, HoN \©\NH2 HoN O O NH, HQNQ)\N I NHg
COF-LzU1120.126-133 surface 141-143 Nitrogen-rich
oo SCOF-LZU-113¢ COF 1,52 Rl COF45
@ surface COF1,,'2 2D COF-I137 N-COF140 BT COF {144 PI-3-COF 38
oHo™S"oHo surface PI-2-COF %8 S o GO 140 N3-COF 39
COFga ppa'3138 N2-COF % - T-COF140
CHO
TFPA-TAPA- TFPA-TAPB-
R 146,147
T ISERP-COF2 COF'8 COF'#
OHCQ : CHO
CHO
I TFPB-TAPB-
A NUS-15'27 SCOF-IC214 COF!4
OHC O >/ CHO
CHO
52 NUS-14127 TTI-COF 5
= \NI
OHC/Q))\ J\C)\CHO

A 3D imine COF with larger pores was achieved by co-condensing (3,3'-bipyridine)-6,6'-

dicarbaldehyde and tetrakis(4-anilyl)methane. It features pore flexibility that allows for
expansion and contraction of the pores upon guest adsorption and removal, respectively.

This resulted in a higher CO, sorption capacity of the COF at higher relative humidity,
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as water vapor induced the transformation to the expanded form of the network, thereby
acting as gate opener.151 Furthermore, tetra(amino)adamantane was used as an amine
linker in combination with 1,3,5-triformylbenzene (TEFB) or triformylphloroglucinol (in
which case a ketoenamine COF is obtained) to create microporous 3D COF structures
with small pore diameters of around 8 A.125

The first imine-based 2D COF was reported by Wang et al., who performed the conden-
sation of 1,3,5-triformylbenzene (TFB) and 1,4-phenylenediamine (PDA), thus creating a
126

layered COF with hexagonal channels, similar to the established boronic ester COFs,
(Table 1.9).

dual-pore dual-pore COFTPDA

cor-TA (ret. 10) [ = pa Ty
HaN o BPDA CHCCHG
)_( SRS TR Wy Wy W
2 O
e sioccor-1  [J=Tea I= BPDA

triple-pore _ _
SIOC-COF-2 ,- BPDA I— TPDA

Figure 1.5: Dual-pore and triple-pore COFs realized with mixed linear linkers and the
ETTA building block. Reprinted with permission from ref. 159. Copyright 2016 American
Chemical Society.

However, imine COFs differ significantly from boronic ester COFs with respect to their
higher stability against moisture. Although this stability also depends on the incorporated
linkers, it has, together with the large library of available aldehyde and amine linkers and
the possibility to construct conjugated m-systems throughout the whole COF sheets, made
imine bonds very popular linkage motifs in COFs. To date, imine-formation is clearly the
most common synthesis strategy to build COFs. Tables 1.8 to 1.17 provide a comprehensive
overview over these structures, sorted by the connectivity of their linkers.

As for boronic ester COFs, phthalocyanines have also been widely used as linkers

in imine linked COFs, both with amine or aldehyde functional groups. When they are
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Figure 1.6: Schematic representation of the synthesis of the brick-wall COF. Reprinted
with permission from ref. 158. Copyright 2016 American Chemical Society.

combined with linear linkers, tetragonal pores are formed upon stacking of 2D-sheets.
The electron donating phthalocyanine units have also been used to create COFs that were
investigated with respect to their optical and electrical properties (see Section 1.6.5 for a
detailed discussion).

A large variety of topologies has been realized in imine COFs. Rhombic pores are
formed when 1,3,6,8-tetrakis(p-formylphenyl)pyrene is used as a linker. El-Kaderi and
coworkers introduced this building block that favors m-stacking and thereby forms highly
crystalline COFs.1% It was later incorporated in many other frameworks, both as amine
and aldehyde.?6:161164 The pyrene aldehyde linker was also incorporated in 3D-Py-COF,
which crystallizes in a two-fold interpenetrated structure.??

Zhao and coworkers introduced the linker 4,4",4” 4"”-(ethene-1,1,2,2-tetrayl)tetraaniline
(ETTA) that forms, together with terephthalaldehyde, a star-shaped dual pore system
with hexagonal mesopores of 26.9 A in diameter and triagonal microporous pores of 7.1
A nm in diameter.'®® This is in contrast to the aforementioned COFs built from pyrene
aldehyde units, which have a symmetry similar to that of the ETTA building block.

Zhao et al. showed that linear linkers of different lengths can be mixed in these
star shaped COFs and that it is thereby possible to prepare frameworks with pores of
three different sizes (Figure 1.5), namely one hexagonal pore and two different triangular

pores.??
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Figure 1.7: Experimental PXRD patterns of brick-wall COF (a); Simulated PXRD pat-
terns of brick-wall COF: AB packing (b) and AA packing (c) structures; Simulated PXRD
patterns of herringbone COF: AB packing (d) and AA packing (e) structures; Space-filling
models of brick-wall COF: AB packing (f) and AA packing (g) structures; Space-filling
models of herringbone COF: AA packing (h) and AB packing (i) structures. Reprinted
with permission from ref. 158. Copyright 2016 American Chemical Society.

Further star shaped COFs were realized by combining the tetradental linker[1,1'-
biphenyl]-3,3',5,5'-tetracarbaldehyde with linear amine linkers (1,4-phenylenediamine in
COF-BTA-DAB and benzidine in COF-BTA-BZ).1% Pang et al found that when exchang-
ing the linear aldehyde linker, that was co-condensed with the ETTA building block, with
one that featured bulky side groups, such as —CH,CH; or —(CH,);CH,, the star-shaped
pore geometry was not realized anymore. Instead, the framework formed one type of pores
with rhombic shape.¢”

A new COF topology was introduced by Cai et al. They utilized a T-shaped aldehyde
linker in combination with the linear amine PDA (Figure 1.6). With these building blocks,
rectangular pores are formed with two different possible arrangements: a brick wall or a
herringbone arrangement. Comparison of calculated structures with the experimental
XRD data revealed the formation of a brick wall framework with an AB packing of the
COF layers (Figure 1.7).158

Jiang and coworkers established another geometry of COF structures by introducing

Cgs-symmetric linkers that are connected by the linear linker TA. Thereby, accessible tri-
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angular pores are formed with a diameter in the micropore range. Specifically, using
hexaphenylbenzene and hexabenzocoronene, triangular pores with a size of 12 A and 18 A

are formed, respectively (Figure 1.8). The dense packing of the resulting m-stacked arrays

may also be beneficial in optoelectronics.?”
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[H,N];HBC

Figure 1.8: Synthesis of HPB-COF and HBC-COF. Adapted from ref. 27, CC-BY 4.0
licence (https://creativecommons.org/licenses/by/4.0/).

The group of Zhao later reported a COF coupling terephthalaldehyde with a hexaaza-
triphenylene unit as amine linker, thereby forming triangular pores with two pore sizes of
11.3 A and 15.2 A, respectively.'63

Another dual pore system was realized by combining the hexaaldehyde linker 4',4" 4"~
nitrilotris([1,1’-biphenyl]-3,5-dicarbaldehyde) with the linear amines PDA and benzidine,
respectively. Thereby two hexagonal pore systems are created. Interestingly, these COFs

were found to stack in a staggered conformation, in contrast to most other 2D COFs.!6?
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Yin et al. introduced the hexadental linker 4,4”-bis(4-formylphenyl)amino-[1,1":4/,1"-
terphenyl]2’-5'-dicarbaldehyde. Co-condensation of this building block with PDA yielded
the dual-pore SIOC-COF-7 with a large hexagonal and smaller parallelogram type pores
(Figure 1.9).17

OHC, CHO
o o
>_/
W /_L}_N
\ ,} cHo <_>
OHC  BFATD CHO

- PN
‘N ,©/\ SIOC-COF-7

Figure 1.9: Schematic of SIOC-COF-7. Reproduced from ref. 170 with permission of The
Royal Society of Chemistry.

Three pores in a COF structure were realized by Qian et al. by truncating a
hexadental aldehyde linker to yield the building block (1,1":3',1”-terphenyl)-3,3".5,5"-
tetracarbaldehyde in which two of the four aldehyde groups are aligned in parallel. Co-
condensing this aldehyde with PDA or benzidine leads to a COF with three different pores,
where the very narrow pores between the parallel aldehydes were too small for nitrogen
sorption analysis.!™

A highly interesting concept for the design of COF structures was introduced by Zeng
and coworkers.'™ They used double stage connectors that feature functional groups of
different types, e.g. an aldehyde group and a boronic acid. These building blocks can
then interconnect linkers of different types, like amines and catechols (Figure 1.10). With

this method, the number of possible COF structures is dramatically increased. Chen et
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al. used this method to synthesize a variety of structures with different geometries and

pore sizes.?3

Double-stage approach to COFs with two- type linkages and different vertices units

A
I }

Double -stage Tetragonal COFs

bifucntional linker
Hexagonal COFs

Linkage structures of COFs

Conventional linkages ) Double-stage linkage
Bumna[e COF : Double -stage COF

OB

i HO
- @ 1 oo
Imine COF Boroxine COF ] FPBA

Figure 1.10: Schematic construction principle of double-stage COFs from link-
ers with different functional groups. Adapted from ref. 23, CC-BY 4.0 licence
(https://creativecommons.org/licenses/by/4.0/)

With this synthesis method, three different strategies are possible. First, the double-
stage linkage can connect to nodes that feature different linkages, as in the NTU-COF-2
or the HHTP-FPBA-TATTA COF. Second, if one functional site of the linker can undergo
self-condensation, such as boronic acids forming boroxine rings, it can form nodes of the
framework. These can then co-condense with the other linker, like in NTU-COF-1'"2 or
TATTA-FPBA COF.%

Third, the asymmetric linker can bind to all connectors of one linker type, thereby
protecting it with the other connector type and thus resembling a linker of another linkage
type. An example for this is CuPc-FPBA-TMBDA COF.?* The concept of two different
linkages in one COF has also been applied 3D COF synthesis'™ and for surface COF
formation.1™

An intriguing COF geometry was created by Yaghi et al. using the copper complex of
Cu(I)-bis[4,4’-(1,10-phenanthroline-2,9-diyl)dibenzaldehyde]tetrafluoroborate as aldehyde
linker. The aldehyde groups of the (1,10-phenanthroline-2,9-diyl)dibenzaldehyde units are

arranged in a nearly tetragonal way in the complex and were connected with benzidine as
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Figure 1.11: Reaction scheme for the synthesis of COF-505. COF-505 was constructed
from organic threads using copper(I) as a template (A) to make an extended weaving
structure (B), which can be subsequently demetalated and remetalated. From ref. 175.

Reprinted with permission from AAAS.
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amine linker. After formation of the COF, the copper was removed along with the BF, ",
leaving a porous crystalline network of interwoven imine chains (Figure 1.11).17

In a related strategy, Matzger and coworkers combined the construction principles of
MOFs and COFs in one framework. Here, triangular carboxylic acids for the formation
of a MOF feature an amino functional group. Upon reaction with Zn(NO,),x6 H,O and
dialdehydes, frameworks with both covalent imine bonds and coordinative linkages are
formed (Figure 1.12).176

Another fusion of MOF and COF chemistry was demonstrated by Yaghi and cowork-
ers by the in situ formation of amine-functionalized hexameric Ti(IV) clusters that are

interconnected with terephthalaledyde via imine bonds. In contrast to most pure COF

materials, the layers are stacked in a staggered structure (Figure 1.13).177

1st mode of reactivity « D 0”

+ Zn**

2nd mode of reactivity
NHz modified H;-BTB / H;- ATB .. coordination
<" +imine formation

“‘- processes
coordination A
processes
Chaar)
~ U

Figure 1.12: Hybrid MOF/COF structures with coordinative bonds and imine linkages.
Reproduced with permission from ref. 176. Copyright 2015 John Wiley and Sons.
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HZN_©_< + Ti(O'Pr)s (O'Pr = Isopropoxide)
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4-Aminobenzoic acid (H-AB) l 0\
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Benzene-1,4-dialdehyde (BDA)
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TigOs(OCHs)sLs (L = C20H1aN2(COz2)2)
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Figure 1.13: Hybrid MOF/COF structure from titanium(IV)isopropoxide and benzene-
1,4-dialdehyde (a). The crystal structure of MOF-901 is projected along the c-axis (b) and
a~axis (c¢). The discrete hexameric cluster, now incorporated into an extended, crystalline
structure, is presented in the inset of (b). Atom colors: Ti, blue; C, black; O, red; N,
green; H, pink; and second layer, orange. Capping methoxide moieties are removed for
clarity. Reprinted with permission from ref. 177. Copyright 2016 American Chemical
Society.
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Table 1.10: Imine-linked COFs from tridental aldehydes and linear to tridental amines

(continued)
NH, NH; L 2
NH,
[NHg @ O @OYNYO ( NJ
NHy O KjN@ HoN N\fN N
NHp <) 0. O N O
HoN' NH, X 3
NH, \©NH2 HoN' & NH,
CHO
Q
{, TAT-COF-1152 TAT-COF-2152
OHC’ O {‘ CHO
OHC,
\_/
COF-SDU1153 TPT-COF-1154
CTV-COF-11%5 | CTV-COF-21%5
BTMA-TAPA-
COF148
Salen-
COF1%6
SIOC-COF-8'57 | SIOC-COF-9157
brick-wall

COF'58
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Table 1.11: Imine-linked COFs from linear aldehydes with more than one phenyl ring and

trigonal amines

NH;

HiCO_  NH,

8 O
:\‘rN HN O {_H-ocH, O
HoN \QNHZ HyCO NH, HN O O N
CHO
“C NF-COF178.179
OH

CHO

ono-CI w0 3PA-TT COF'80 3PB-TT COF '8
- 1149

ono{)—)-owo 3PA-2P COF180 aCTVCOF218" sCOF-IC2

TAPB-BPDA COF182

polyTB183

TAPB-TIDA COF'82

COF LZU-20'84

PC-COF'88
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Table 1.12: Imine-linked COFs from linear aldehydes with up to one

trigonal amines

phenyl ring and

NH

COF182,187,188
TPB-TP-COF 89190

HsCO  NHj =
\_//
- ® I
. NTSN o~ N
HaN- Q Q OCH; O ~ ©/\' PN NX <:>
HsCO NH, HoN O L NH; HoN e NH; . ° NHa
) SCOF¢,p'86
SCOF-IC1134
ono~)-cro aCTV-COF-1181 TAPB-PDA ISERP-COF4147 TPT-COF-2154

I

aCTV-COF-4'81

DhaTab'®’
2,5-DhaTab'92
SCOF-2193

194
COFrra-pHTA"®

aCTV-COF-3'8!

TPB-DMTP-COF 90195
TAPB-DMTP-COF 96

MeS,

TAPB-BMTTPA-
COF'%7

O oH 2,3-DhaTab'98
OHC—@—CHO SCOF-1198 2,3-DhaTta'%®
oH
OHC A, .cHO
\ﬁ;/ TDFP-11%°
¢
OHCQCHO COF-Vv18
V/

TAPB-BPTA-COF200
[HC=C]x-TPB-DMTP-
COF (mixed with

DMTP)190
COF-x (mixed with
DMTP)20!

DMTP: 2,5-dimethoxyterephthalaldehyde.
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Table 1.13: Imine-linked COFs from linear aldehydes and tetradental amines

HoN, NH,

HoN NH

4PE-1P COF165,180,189
(mixed with biphenyl as
SIOC-COF-1)1%°

Py-1P COF202

M=H,
COF-36671:203
HoP-Ph COF204
TAPP 2D-COF?%
M=Zn
Zn-TAPP 2D-COF205
M=Cu
CuP-Ph COF?204,206
M=Ni
NiP-Ph COF204
M=Fe
FeTAPP-TPA (mixed
with metal-free
phthalocyanine COF
Ho TAPP-TPA)207
M=Co
COF-366-C0208
Co-COF?09

COF_3001 19,210,211

COF-DHTA'¢”

Py-DHPh COF 16!

M=Hz
Dhanh128,212
2,5-DhaTph!%?

HoP-DHPh COF204
H2P-DHPhx
COF(mixed with TA)204
[HO]X%-HoP-COF
(mixed with TA)?13

M=Cu

CuP-DHPh COF204
CuP-DHPhx
COF(mixed with TA)204
M=Ni
NiP-DHPh COF204
NiP-DHPhx COF
(mixed with TA)204

COF-301214

M=H, DmaTph?'2
SCOF-IC421®

R=‘CHZCH3 .
COF-DETA'®7
R=-(CH2)3CH3:
COF-DBTA'67

HQ  OH

Py-2,3-DHPh COF'8!

M=H,
2,3-Dhanh192'216’217
M=Cu
CuP-2,3-DHph COF163
M=Ni
NiP-2,3-DHph COF163
M=Zn
ZnP-2,3-DHph COF163
M=Fe
Fe-DhaTph-COF2'8

M=H,
2,3-DmaTph?16:217

TA: terephthalaldehyde.
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Table 1.14: Imine-linked COFs from linear aldehydes and tetradental amines (continued)

HoN NH, FaN N
Qo 2
= QQQ
® /7\ O
HoN NH, ol -
2
[HC=C]X-H,P-COF
\ (mixed with dihydroxy
N funct. linker)219,220
OHCQCHO M=Ni
& [HC=C]X-NiP-COF
N (mixed with
methoxy-funct.
linker)22!
M=Cu
e 4 o Py-1Pg COF (mixed | CuP-TFPh COF (also
:>:<<F with TA)202 mixed with TA as
CuP-TFPhx COF)206
o CHO M=Cu
OH CuP-DHNAPh
CHO COF163
ono~L I y-cwo 4PE-TT COF '8
4PE-2P COF180 M=H,
COF-BPDA™® (also 202 H,P-Bph-COF?222 151.203-095
oo )ere mixed with TA as Py-2P COF M=Co, Cu COF-320™"
SIOC-COF-1) COF-367-M208
4PE-3P COF180
COF-TPDA'®® (also
ixed with
mixe R : 226
ono—~ I~ H—)-oro [1.1-biphenyl]-4,.4'- PyTTA-TPhA-COF
dicarbaldehyde as
SIOC-COF-2)
BO
e PyTTA-BFBIm-
IGOF=28
ono{ )=~ )-oro Py-2PE COF202
O/
OHCCHO Py-3PE COF?202
o
7
NN 202
OHCCHO Py-3PEgtp COF
Py-2,2’-BPyPh
COF161
A Ya BPy COF?%" (also M=Cu
e W mixed with CuP-BPyPh COF'63
4,4’ -biphenyl
dialdehyde)
e Py-3,3’-BPyPh M=H
OHC_Q_@_CHO y COF161y SCOF2-|C5215 LZU-301151

TA: terephthalaldehyde.
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Table 1.15: Imine-linked COFs from tetra- and hexadental aldehydes

33

and linear amines

NHz

NH

NH,

HzN
2 o
NH;, O Q
NH,. HoN o
0= =0
COF-BTA-DAB!66 COF-BTA-BZ'66
o= =0
CHO CHO
OHC O O O CHO TP-COF-DAB'7! TP-COF-BZ'1
TTF-Ph-COF2®
O T TTECOPY 4ATTF-BPDA
AT 4ATTF sCOF2%0 i
~ o 4ATTF-PPDA
- e SCOF?230,231
OHC, CHO
2 7 % ILCOF-1160
OOO COFepy-ppoaZ%? TF-BD COF?% Py-An COF 162
O

CCOF-130

CCOF-2%0

Por-COF233

COF-505'7°

SIOC-COF-7170

OHC O CHO

SIOC-COF-316°

SIOC-COF-416°
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Table 1.16: Imine-linked COFs from tetradental aldehydes and tetradental amines

HaN

HoN NH
¢
HoN NH

HoN

NH,
age

NHz

SIOC-COF-5234

SIOC-COF-6234

TTF-Py-COF26

OHC, CHO
< O Y M=Cu, Ni, Z
=0u, NI, Zn 32
$L04 MP-PyTTPh COF'63 3D-Py-COF
¢ v
OHC CHO
Table 1.17: Imine-linked COFs with hexadental amines
HoN NH,
\_/ /7\
HoN: O O O NH,
2 O
HoN NH,
ore~{J)-cro HPB-COF?’ HBC-COF?7 HAT-COF 168
CHO
@Nj HAT-NTBA-COF235
OHCOI \©\CHO
CHO
) HAT-NTBCA-COF?235
O N.
I/
OHC’ 'CHO
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Table 1.18: Mixed linkage COFs with imine bonds and boroxine or boronic ester bonds

NH, NH,
O @ NH,
O NSN FN NH,
5 SN NH,
HoN O L~ NH, HoN' L~ )\©‘NH2
cHo
NTU-COF-1'72 sCOFA'74 TATTA-FPBA COF23 DL-COF-1'73
HoBon
HO  OH
CcHO O
() NTU-COF-2172 HHTP-FPBA-TATTA COF23
Ho—(_ )~ H-on
HoBoH  Hd OH
cHo
@ sCOFB'74
HoBon
cHo
3
TATTA-FFPBA COF?®
HoBoH
CHO
- DL-COF-2173
HoPon
HO OH
CHOF O
- _ 23
o 0.0 o HHTP-FFPBA-TATTA COF
HoBon  Hd OH
cHo
r
@[F TATTA-DFFPBA COF23
HoBoH
HO  OM
CHOF O
- _ 23
@:F o 0.0 o HHTP-DFFPBA-TATTA COF
HoBoH W OH

Table 1.19: Mixed linkage COFs with imine bonds and boroxine or boronic ester bonds

(continued)
HoN NH,
QO
NHz \_/ /_\
HoN NH,
HQ OH
CHO Nj’N\ZN
HO RN, OH
[ oj NG CuPc-FPBA-TMBDA COF23 CuPc-FPBA-ETTA COF23 CuPc-FPBA-PyTTA COF?®
HoBoH HO:©:<(N‘ N ”‘]):(:[OH
HO OH
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Table 1.20: Mixed linkage COFs with imine bonds and boroxine or boronic ester bonds

(continued)
NHa
Og,-NH
O~
o
HN"SO
NH,
HQ OH
CHO N /N\ N
:Z@QN».C:@.-N%;@;’: CuPc-FPBA-TABPy COF? CuPc-FPBA-ZnP COF23 CuPc-FPBA-DETHz COF?

NNy

HO’B\OH

HO OH
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1.3.3 Hydrazones and Azines

Hydrazides reversibly co-condense with aldehydes to form hydrazones, thus enabling
the use of this linkage for COF synthesis. This reaction type was first applied for
COF formation by the group of Yaghi in 2011 in the synthesis of COF-42 from 2.5-
diethoxyterephthalohydrazide and TFB, and of COF-43 from 2,5-diethoxyterephthalo-
hydrazide and the elongated aldehyde linker TFPB.236

Table 1.21: COFs with hydrazone linkage

NH, NH, NH, NH, NH, NH, NH,
Ox,-NH Oy, -NH Qg NH Os,NH O N0 Oy, N O HN_.O
o< O~ O S
% \o/% /\oé/ /\s/\/\o/% Eig oYé\gn;NH
HN"S0 HYS0 HY“So HN"S0 o NHO NS0 N ‘
NH, NH, NH, NH, 2 NH, 2
tbn.237
Tb-
TFB-
tbn.2%8 239 COF-422% COF-LZug?40 DANT-
COF Co|:241
COF-
43236,242 TfpBDH243
TFPT-
COF244
LZU-21184
Tp-
TpTh'28:245 COZ;e NUS-3247 TpBDH?43 |  DANT-
JLU4 COF241

Hydrazone COFs represent a small family of structures (see Table 1.21) that have been

240243 and catalysis.?3%?4 When hydrazine is used as nitrogen-

mainly applied in sensing
containing coupling partner for aldehydes, an azine linkage is established, as first reported
by Dalapati et al. in the synthesis of Py-Azine COF from hydrazine and 1,3,5,8-tetrakis(4-
formylphenyl)pyrene. This COF features rhombic pores of around 2 nm in diameter. The
azine units in the COF walls were found to serve as docking sites for guest molecules,
enabling an application of this COF in sensing.?®

With the azine linkage, a variety of pore geometries besides the classical hexagonal

type has been realized. Combining hexaphenylbenzene aldehyde, which had already been
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Table 1.22: Aldehyde linkers that were incorporated in azine-linked COFs

CHO CHO CHOF
CHO
A ® O Qg
OHCQCHO O ] O F O O O
OHC' CHO onc O o oS ! O oo OHC CHO
N,-COF?2%3 TF-COF 12%* (also
ACOF-1250.251 249 249 SCOFa,p "% mixed with TFPB as
AB-COF252 HP-COF-1 HP-COF-2 TFPB-HZ'?" TFx-COF)?55
NF-COF2%4
CHO CHO
F. O F
OHC’ O O CHO
TF-COF 2254
CHO
HO. OH
OHCj;j(CHO
OH
; COF-JLU2258 ATFG-
PTP-COF256 COF-JLU3257 Py-Azine COF?® HEX-COF 1248 COFP2NUS.0247

TFPB: 1,3,5-tris(4-formylphenyl)benzene.

Table 1.23: Mixed linkage COFs with imine and hydrazone bonds

. HN-NH,
° oH
CHO
HO. OH
jij[ TpAPH?25° TpASH?25°
OHC CHO
OH

used in imine COF synthesis (see Section 1.3.2), with hydrazine, triangular pores of only
1 nm were achieved.?*® Incorporation of tritopic linkers with a linker elongation at only
one of the three binding sites led to a heterogeneous dual pore structure in HP-COF-1
and HP-COF-2 (see Table 1.22 for a full list of building blocks in azine-linked COFs).?*?

COFs with a mixed ketoenamine and hydrazone linkage were developed by Mitra et
al. using 1,3,5-triformylphloroglucinol (TPG) as aldehyde and the building blocks 4-
aminobenzohydrazide and 4-amino-2-hydroxybenzohydrazide as the amine and hydrazine

259 see Table 1.23. Hydrazine and azine linkages were also

functionalized building blocks,
accessible from the dimethyl acetals of the aldehyde linker via an in situ deprotection and
condensation reaction.!® The enol-keto tautomerization that was first applied in imine

networks (see next section) can also be applied to hydrazone and azine systems when the

aldehyde linker is replaced by TPG,128:241,243,245,247,252,258
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1.3.4 Ketoenamines

Stability enhancement is an important issue in COFs when it comes to applications. A
strategy to obtain COFs that are not only stable in acids but also in strong bases was
reported by Banerjee et al. in 2012. They used TPG as aldehyde linker for their COF
synthesis. This building block features hydroxyl groups adjacent to the formyl groups.
Upon COF formation, first an imine COF is formed which can then undergo an irreversible
enol-keto tautomerization to form a ketoenamine linkage, see Figure 1.14. The thus formed

ketoenamine COFs (see Tables 1.24 and 1.25 for the linker overview) feature high chemical

stability, including against strong bases.

Wspawoney
9IqisionaM\

Figure 1.14: Schematic representation of the [-ketoenamine COF formation wvia enol-

keto tautomerization. Adapted with permission from ref. 260. Copyright 2012 American
Chemical Society.

In many cases, they were also found to be somewhat less crystalline then their imine

counterparts, probably due to the introduction of an irreversible step in the COF for-
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mation that hinders error correction in the COF lattice.?® The authors also reported
a structural series with many different amines incorporated into [-ketoenamine COFs.
These COFs could be delaminated mechanochemically simply by grinding in a mortar,

forming nanosheets that are a few COF layers thick.26!

Table 1.24: Ketoenamine-linked COFs with TPG as linker

HgN—©—NH2

TpPa—1 82,127,128,192,260-273

Tp Pa_21 92,260-262,266,267,277-279

TpPa-(OH),258 DABH-TFP

TpPa-Py (also mixed with
2,5-diaminobenzenesulfonic
acid as TpPa-(SO3zH-Py))28!

TaPa-Py COF276

TpBD1 92,261,262,266-268,270,283-286

TpBD—Meg 192,261,267,283,287

DAB-TFP COF274-276 COF200
O.N SOsH, SOsH R_F
N _@_NHZ o _@NHZ HoN sor::z HZN—QNHZ
ToPa-NO,192.261.267 TFP-DABAZ® TpPa-SO3H?8! 10282 £ 192,261
pPa-NO, NUS-9262 NUS-10 TpPa-Fq4
HQO,

TpBD-(OH),2%®

MeQ,

O:N

TS-COF-2%1

Cls, Cl
HZNNHg HQNNHE HZN@—@—NHQ HzN_@T@_NHQ
OMe 2
TpBD- 192,261,267,288 266,267,289-291 202
(OMe),192261,267.268,283 TpBD-(NO2), TpBpy Pd@TpBpy
HoN.
HENNHz =) e HzN_@N\N _@_NHZ OOO "
192,267,283,293,294
ToFn266 To-Sth293 Tp-Azo'95507,283,259, DaTp2%
pFn p-Stb Azo-COF2% atp
i 8 HN— )N, C:\N‘E!oc
oL, s -~ oy
g &
DAAQ-TFP
pAng
NHa
@ NH;
NN HN NH,
N NH;
HgN/©)\ )\©\NH2
300 267
TRIPTA® TpTta BE.COF.21%5

Interestingly, mechanical force was also a way to synthesize ketoenamine COFs by
simply grinding TPG in a mortar together with the respective linker.?®? Networks with
low crystallinity were obtained. We note that these frameworks showed very small surface
areas below 70m? g~!, while the solvothermal synthesis pathway yielded surface areas of

more than 300m?g~!.
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Table 1.25: Ketoenamine-linked COFs with extended TPG linkers

HQN—©—NH2 HZNQNHQ HQNNHZ
&
OHC. CHO
o TpPa-MA302
o
ol ¥
COOH
H,C0C0" ~*0C0CHs
o
CHO
OHCfE( £ ook, CTpPa-1303 CTpPa-2303 CTpBD3%3
o 0"~y “COOH
HSCOCO/JAO HO  OCOCH,
HOOC” “OCOCH,

Table 1.26: Ketoenamine-linked COFs via Michael addition-elimination

NHz NH,
N2
< i
Q NeaoW
WO 2TPASA
OH
‘ 0}
3PD%4 3BD304
O. S
HO o~ O OH
3/PD304

The excellent chemical stability of ketoenamine COFs has been exploited for several
different applications, including reversible redox processes in an acidic electrolyte for en-
ergy storage.?”4297 Moreover, 3-ketoenamine COFs have been used as proton conducting
electrolyte,281,289,:203,299

We recently demonstrated the reduction of NOy groups to NH, groups in a f-
ketoenamine COF under acidic conditions. The NHs-functionalized (-ketoenamine
COF was afterwards applied for lactic acid adsorption.?®® Yan et al.  synthe-
sized a [-ketoenamine COF with a 3D lattice using the tetragonal amine 1,3,5,7-
tetraaminoadamantane.!?

Recently, modified versions of the TPG linker have been introduced. Liu et al. reacted
TPG with methacrylic anhydride and used the resulting methacrylate-functionalized build-
ing block to synthesize a TpPa-1 analogous COF that was used in high-performance liquid

chromatography.?®? Qian et al. prepared a chiral TPG linker by modifying it with chi-
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ral (+)-diacetyl-L-tartaric anhydride. The synthesized chiral COFs analogous to TpPa-1,
TpPa-2 and TpBD were applied in chiral separation tasks.3%?

Another interpretation of the ketoenamine linkage motif was introduced by Rao et al.,
who utilized a Michael addition-elimination pathway to condense amines with S-ketoenols
to form [-ketoenamines which feature an additional stabilization from intramolecular hy-
drogen bonding, see Table 1.26. Thereby, the direct one-step formation of the ketoenamine

linkage motif is possible.34

1.3.5 Other Linkages

Besides the mainly used COF coupling chemistries described in the sections above, a num-
ber of additional linkages for COFs have been developed, see Tables 1.29 and 1.30. Already
in 2008, the group of Yaghi constructed a 3D COF from the tetrahedral boronic acid
tetrakis(4-dihydroxyboryl-phenyl)methane and tert-butylsilane triol, ¢tBuSi(OH); that

form borosilicate bonds.3!

Table 1.27: COFs with imide linkage

NH,
Nt cHo %N\S:Z O
ﬁND NN
® Q) AN )
HZNO \©\NH2 OHC O O CHO NS l J\©\NH2 O O
HoN O O NH,
0 o PI-COF-1305
P PI-COF-mX (mixed PI-COF-2%05 TS-COF-1301 PI-COF-3305
6 o with xDMMA)306
DMMA: 4-[(dimethylamino)methyl]aniline.
Table 1.28: COFs with imide linkage (continued)
NH,
NH, O
HzNE\NHQ Hn— D
SHC
HoN
Q o
I PI-COF-5%07 PI-COF-4307
o o]
Q, o)
Yo ¥
g o PI-COF308

In an ionothermal synthesis approach, Kuhn et al. applied the trimerization

reaction of nitriles to synthesize the crystalline triazine framework CTF-1 from
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1,4-dicyanobenzene.?” Later, additional crystalline structures were developed using
2 6-naphthalenedicarbonitrile, [1,1’-biphenyl]-4,4’-dicarbonitrile, and 5'-(4-cyanophenyl)-
[1,1":3,1”-terphenyl]-4,4"-dicarbonitrile, respectively.>1%31* Most triazine frameworks re-
ported so far are amorphous, but this material class has been shown to be very stable and
widely applicable in catalysis.?!?

Furthermore, CTF-1 has been successfully applied in polysulfide sorption for Li-S
batteries*> and as membrane material for gas separation.?!® For a detailed review of co-
valent organic triazines we refer to Puthiaraj et al.>'? The triazine-rich, but amine-linked
TriCF was formed from melamine and cyanuric chloride®'* and the thermal decomposition
of 1,3,5-(p-aminophenyl)benzene-borane yielded a crystalline, porous framework with a
borazine linkage.?!?

Squaric acid served as building block to form a squaraine-linked COF in a reaction
with aromatic amines.?!® In further studies, 2,5-diamino-1,4-benzenediol dihydrochloride
was co-condensed with trigonal aldehydes in the presence of cyanide as catalyst to give
benzobisoxazole-linked COFs,3'” and Nandi et al. reported a COF synthesis based on
benzimidazole linkage from the building blocks 3,3'-diaminobenzidine and TPG.3'®

Yan et al. introduced isoquinoline as catalyst in the reaction of pyromellitic dianhy-
dride with triangular amines to yield crystalline imide linked networks,>*® see Tables 1.27
and 1.28 for a full list of imide-linked COFs. This concept was later transferred to tetra-
hedral amines for the formation of 3D imide COFs**" and for a hexagonal 2D COF in-

301 as well as for a tetragonal 2D COF with perylene dian-

tended for separation tasks,
hydride units.?%® In a microwave-assisted synthesis, the truncated PI COF was synthe-
sized from the building blocks tris(4-aminophenyl)amine, pyromellitic dianhydride and
4-[(dimethylamino)methyl]aniline.36

Spiroborate-linked COFs were obtained from diol functionalized macrocycles and
trimethyl-borate, see Table 1.30. The Lit-functionalized COFs showed high gas storage
capacities and feature ionic centers in their backbone that enabled for Li-ion transport.?®

An unconventional COF synthesis pathway was reported by Nath et al. They used pro-
tected tetrakis(arylhydroxylamine)porphyrin that was deprotected upon treatment with
tetrabutylammonium fluoride and transformed in situ to tetrakis(arylnitroso)porphyrin,
which self-polymerized to build a porous crystalline COF with azodioxy linkage (Ta-
ble 1.30).31

A conjugated COF was reported by Guo et al. They formed phenazine linkages be-

tween triphenylene hexamine and tertbutylpyrene tetraone units. The resulting CS-COF
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features extended m-delocalization®?° Furthermore, the Knoevenagel condensation reaction

was applied by Zhuang et al. to form the olefin-linked COF 2DPPV from 1,4-phenylene

diacetonitrile and the trigonal aldehyde 1,3,5-tris(4-formylphenyl)benzene (TFPB).32!

Table 1.29: Further reactions for COF formation and their structural representatives.

COF-20231

with DCB:
CTE-14582309,313,322
with NDN: CTF-2310
with BPCN: P2Mm3'1
with CTCN: P4M311

Borosilicate Ho,_ @ +
HO O g oM
HO-§] OH
OH
CN
Triazine
CN
Borazine ®
N

BLP-2(H)3'5

CuP-SQ COF3'6

Benzimidazole +
OHC’ CHO
OH

IISERP-COF3318

CHO

Benzobisoxazole +
OHC’ CHO

with TFB: BBO-COF-1317
with TFPB:
BBO-COF-23'7

NH;

Amine NN +

HQN*N/)\NHQ

TriCF3'4

DCB: 1,4-dicyanobenzene; NDN: 2,6-napthalenedinitrile; BPCN: 4,4’ -biphenyldicarbonitrile, CTCN:

5’-(4-cyanophenyl)-[1,1/:3’,1"-terphenyl]-4,4" -dicarbonitrile; TFB: 1,3,5-triformylbenzene; TFPB: 1,3,5-tris(4-formylphenyl)benzene;

t.b.n.: structure to be named.
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Table 1.30: Further reactions for COF formation and their structural representatives (con-
tinued).

\va
Q
o) .
. é AP from protected TAHAP:
Azodioxy compound e fo D %\f@-- POR-COF31®
,sﬁ&
il
Mei\iggfbo}-{ O =.. ]
Spiroborate — w ovolla’07 M=Li*: |COF-128
) 25 M=[Me,NH,]*: ICOF-228
= Ob

o 0O
' a
Phenazine + e —_— CS-COF320
N y= D, @
HoN NH, o o
CHO
O NC.
Olefin O + EP ESS 2DPPV321
O O cN

OHC

TAHAP: tetrakis(arylhydroxylamine)porphyrin.

1.4 Postsynthetic Modification

COFs possess regular pores with a defined pore environment. Given a specific COF struc-
ture, this environment can be altered by using different linkers in the COF synthesis that
are, for example, decorated with different functional groups or side chains, but the range
of variations that can be used for the synthesis is limited. An alternative way to introduce
large side groups or functional groups that would inhibit the COF formation consists of
a modification step performed after the crystalline network is established. This approach
also allows for the introduction of various pore modifications into one already established

COF network.

1.4.1 Postsynthetic Intercalation and Complexation in COFs

In an early study, the postsynthetic introduction of pyridine moieties into the pores of the
boronic ester COF-10 was shown to drastically improve the stability of the COF against

hydrolysis.??® Kalidindi et al. investigated the sorption behavior of organometallic species



46 1. Covalent Organic Frameworks: Structures, Synthesis and Applications

in COF-102. Ferrocene molecules were intercalated in an oriented way with the cyclopen-
tadienyl units showing towards benzene rings of the COF, indicating a m-m-interaction, as
determined by ab initio structure determination from powder diffraction applying a global
optimization in the direct space method. The COF was stable upon loading with ferrocene
and also retained its structure upon incorporation of cobaltocene or [Ru(cod)(cot)],.%

The nitrogen in imine-linked COFs can serve as ligand for metal complexes. Thus,
with a postsynthetic introduction of metal ions in COFs, the metal centers can be fixated
at specific positions of the porous scaffold of the COF framework, leading to defined and
separate reaction centers which could be favorable for applications in catalysis and sorp-
tion. The first example of a metal complex in a COF was reported by Ding et al. They
synthesized the imine COF LZU-1 (from TFB and PDA), that was postsynthetically mod-
ified with Pd(OAc),. Thereby, a shift of both, the binding energy of Pd and the *C NMR
signal of the carbonyl group of the COF compared to the pristine materials indicated a
coordination of the Pd(OAc), with two adjacent COF layers. 2D layered COF structures
are favorable for this approach, as the coordination sites of adjacent layers have only a
short distance that can be bridged by the complex.!?® The same postsynthetic pathway
was later used in an otherwise metal-free imine COF with porphyrin nodes.??? Likewise,
molybdenum was immobilized in a hydrazone COF with TPG as aldehyde linker, by post-
synthetically introducing MoO,(acac),. Infrared spectroscopy measurements indicated a
location of the Mo moieties at the hydrazone linkages of the COF .24

Vicinal -OH groups in 2,3-dihydroxy terephthalaldehyde served as docking sites for
vanadium that was introduced into the COF as VO(acac), and coordinated in the form of
V=0 units.’®" Co(OAc), was used to modify the bipyridyl units of the ketoenamine COF
TpBpy (from TPG and 5,5-diamino-2,2-bipyridine) with Co®* moieties. The framework
retained its crystallinity even with a full saturation of the bipyridyl units with Co.2%
The same COF was modified with Cu(OAc), to establish Cu species in the framework.
In combination with a polymerized phosphonium salt this functionalized COF catalyzed
the effective cycloaddition of epoxides and CO,.?! The COF TpPa-2 (from TPG and
2,5-dimethyl-1,4-benzenediamine) was immersed in a solution of Ti(S0O,), to yield Ti-ions
coordinated to the COF, as was shown by XPS spectroscopy. The resulting material was
utilized for phosphopeptide enrichment.?™

The porphyrin units of DhaTph-COF (from 2,3-dihydroxybenzene-1,4-dicarbaldehyde
and 5,10,15,20-tetrakis(4-aminophenyl)porphyrin) were postsynthetically modified with
Fe(III) by immersing the COF in a solution of FeCl,x4 H,0.%!8 Similarly, Ni(COD), was
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Figure 1.15: Synthesis of BPy COFs and subsequent complexation of Rh and Pd. Adapted
from ref. 227. Copyright 2016 John Wiley and Sons.
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used to complex Ni-ions to the dehydrobenzoannulene units of a boronic ester 3D COF
with only minimal loss of porosity.'!®

Gao and coworkers investigated the possibility to achieve a complexation of two differ-
ent metals in a COF. For this purpose, they synthesized a COF from 2,2'-bipyridyl-5,5'-
dialdehyde, 4,4’-biphenyl dialdehyde and 4,4’,4" 4"'-(pyrene-1,3,6,8-tetrayl)tetraaniline, an
amine with a pyrene core. In the resulting COF, two nitrogen docking sites are present:
the bipyridine and the imine. The authors then used two metal complexes of different
sizes to achieve a complexation of two metals (Figure 1.15). The relatively large moiety
Rh(COD)CI was found to be located only at the bipyridine units, as it is too large to
occupy the interlayer positions between the imines. This was demonstrated by the reduc-
tion in pore size upon modification with Rh(COD)CI and by the unsuccessful attempt to
incorporate large amounts of Rh(COD)CI in bipyridine-free counterparts of the COF. In a
second step, these imine positions could be filled by Pd(OAc),, as was confirmed by XPS
measurements, yielding a bimetallic Pd and Rh functionalization of the COF .27

Similarly, MnCl, was introduced to the bipyridine sites and Pd(OAc), was again co-
ordinated at the imine position of the same COF to obtain a COF that showed good
catalytic performance in a Heck-epoxidation tandem reaction.'¢*

The complexation of Pd(OAc), in the COF LZU-1 (made from 1,4-phenylenediamine
and 1,3,5-triformylbenzene) was used to prepare a Pd rich scaffold that was subsequently
pyrolysed with the formation of Pd nanoparticles in the organic matrix.'*? Another se-
ries of precursors for graphitization was prepared by intercalation of Ni(II), Fe(III), and
Co(II) ions in an imine COF made from 1,3,5-tris(4-aminophenyl)benzene and TFB. It was
noted that the incorporation of Ni and Co moieties (achieved by immersing the pristine
COF in solutions of the metal acetylacetonates) resulted in the loss of crystallinity, while
it was strongly reduced with Fe(III).1*? The salen moieties in the imine-linked Salen-
COF (made from 1,3,5-tris[(5-tert-butyl-3-formyl-4-hydroxyphenyl)ethynyl|benzene and
1,2-ethylenediamine) were applied as ligands for various metal ions and complexated with
Cu®™, Ni**, Zn?", Co®", and Mn*", respectively. With all tested metals, a quantitative
functionalization was achieved while the crystallinity of the frameworks was preserved.
The Salen-COF complexed with Co®" was successfully applied as catalyst in the Henry

reaction. %%
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1.4.2 Covalent PSM

The first postsynthetic modification in COFs by covalent bond formation was reported in
2011 by Jiang and coworkers. They introduced different fractions of an azide functional-
ized BDBA into boronic ester frameworks made from BDBA and HHTP or BDBA and a
Ni-phthalocyanine catechol, respectively. After lattice formation, the azide moieties could
react with various alkynes via copper-catalyzed click reaction. Functionalities as large as
pyrene units were incorporated into the framework. By tuning the percentage of the incor-
porated azide, the amount of postsynthetically introduced groups could also be controlled
(Figure 1.16).8¢ With this approach, a modification was even possible with a functionalized
fullerene that could be bound to the pore walls of a boronic ester phthalocyanine COF by

covalent binding.?!
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Figure 1.16: Synthesis of X%N3-COF-5 and postsynthetic pore wall modification with
alkynes. Adapted by permission from Macmillan Publishers Ltd: Nature Communications
ref. 86, copyright 2011.

The reverse version of this click reaction starts with an alkyne-functionalized linker
in the COF backbone that is later reacted with an azide. This click reaction has been

used to tune the carbon dioxide storage capacity of COFs by postsynthetically introducing
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functional groups including -COOH, -COOMe, -OH and -NH,, with 50% NH, showing the
highest capacity.??’ In the same way, the postsynthetic incorporation of pyrrolidine azide
was employed to design reaction centers for catalysis.!?%219

By using 4-azido-2,2,6,6-tetramethyl-1-piperidinyloxy, an azide of an organic radical,
the tetragonal COF TEMPO-NiP-COF with Ni-porphyrine units and radical centers
was formed that was later used for electrochemical energy storage.??! The same radi-
cal was introduced into the TEMPO-COF (made from 1,3,5-tris(4-aminophenyl)benzene
and 2,5-bis(2-propynyloxy)terephthalaldehyde), and the modified COF was also tested
as energy storage material.2?® A similar radical was introduced into an imine COF made
from 1,3,5-tris(4-aminophenyl)benzene and substituted phenylenediamines by applying the
same alkyne and azide click reaction.?°!

A different strategy to establish covalent docking sites in a COF was shown by Bunck
and Dichtel, who developed a truncation approach with a 3D boroxine COF. The tetrag-
onal linker tetrakis(4-dihydroxyborylphenyl)methane was mixed with a truncated boronic
acid node featuring an allyl group. This functional group could afterwards react with
propanethiol in a thiol-ene reaction.®? The same reaction was applied in the imine-linked
COF-V (from 1,3,5-tris(4-aminophenyl)benzene and 2,5-divinylterephthalaldehyde) that
was modified with 1,2-ethanedithiol, benzene-1,4-dithiol and ethanethiol, respectively.!®

In 2016, we demonstrated the first two-step postsynthetic modification in a COF.
For this purpose, we started with the ketoenamine COF TpBD(NO,),, made from 1,3,5-
triformylphloriglucinol and 3,3'-dinitrobenzidine, bearing nitro groups. These were re-
duced to primary amines in a first step, leading to accessible amino-decorated pores.
As amines are used as reactive starting materials for the COF synthesis, amino-pore-
wall-functionalization in these COFs is only possible via postsynthetic modification. In a
second step, the COF-bound amino groups could then be modified with acetyl chloride.?®®

Hydroxy groups present another type of functional group that can be used for post-
synthetic modifications, as they are small and linker molecules with -OH groups are easily
available. Furthermore, they can form covalent bonds with many functional groups, which
is reflected by the number of reactions that have been published so far.

For example, succinic anhydride was reacted with hydroxyl-groups in a COF
(made from 5,10,15,20-tetrakis(p-tetraphenylamino)porphyrin and a mixture of 2,5-
dihydroxyterephthalaldehyde and terephthalaldehyde) in a ring opening reaction, estab-

lishing a carboxylic acid group functionalization that significantly improved the CO, stor-

age capacity of the investigated COF.2!3
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The postsynthetic introduction of azobenzene and stilbene units via carbonyl chloride
reaction into the same COF was shown to improve CO, uptake and CO,/N, selectivity
as well.324

Employing the formation of ether bonds, (2-bromoethyl)triethylammonium bromide
was covalently bound to the walls of a COF made from 4,4’ 4" .4"-(pyrene-1,3,6,8-
tetrayl)tetraaniline and a mixture of 2,5-dihydroxyterephthalaldehyde and terephthalalde-
hyde, representing the first immobilization of an ionic liquid in COF pores.325

Mitra et al. used -OH groups as starting point for a three-step postsynthetic modifica-
tion route in the mixed ketoenamine- and hydrazone-linked COF TpASH (see Table 1.23).
First, the -OH groups were reacted with glycidol under epoxy ring opening to produce
adjacent alkyl hydroxyl functionalities. In the second step, the latter served as anchoring
points for 3-aminopropyltriethoxysilane (APTES), thus decorating the COF pores with
primary aliphatic amino groups. The third step was the reaction of these amino groups
with folic acid. As a result of these modification steps, exfoliation of the COF sheets
occurred (Figure 1.17).2%

Wang et al. synthesized another OH-functionalized COF by co-condensing 1,3,5-tris(4-
formylphenyl)benzene with 2,5-diamino-1,4-dihydroxybenzene dihydrochloride. The -OH
groups were later oxidized with O, and Et;N, to yield the quinone form, and thus a COF
that was unaccessible via direct condensation of the diaminoquinone with the aldehyde
linker.200

Our group recently reported the synthesis of the boronic ester-linked T-COF-OH (from
2’ 5'-dihydroxy-[1,1":4’,1"]terphenyl-4,4"-diboronic acid and HHTP), bearing -OH func-
tional groups. These -OH groups were successfully postsynthetically modified with flu-
orescein isothiocyanate (a synthesis that also worked with free -OH groups in COF-5) and
with n-octylisocyanate by immersing the COF into a solution of the respective reagent at
room temperature for several days. In all cases, porosity and crystallinity were retained
due to the mild reaction conditions.®*

Another interesting postsynthetic formation of covalent bonds in a COF was demon-
strated by Jiang and coworkers in a boronic ester COF featuring anthracene units. By
exposing this COF to irradiation at 360 nm, the anthracene units of adjacent COF layers
underwent a [4p+4p| cycloaddition, thereby establishing connections between two adja-
cent COF layers (Figure 1.18). The cycloaddition was reversible and repeatable for several

cycles.%
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Figure 1.17: Postsynthetic modification of TpASH in three steps to establish a folic acid
functionalization. Adapted with permission from ref. 259. Copyright 2017 American
Chemical Society.
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Figure 1.18: Synthesis of Ph-An-COF and postsynthetic [4p+4p] cycloaddition. Adapted
with permission from ref. 69. Copyright 2015 John Wiley and Sons.

Another cycloaddition on an anthracene unit was performed in a g-ketoenamine COF
(made from 1,3,5-triformylphloroglucinol and 2,6-diaminoanthracene) with a [4+2] cy-
cloaddition with N-hexylmaleimide. The introduction of this bulky moiety resulted in
delamination of the COF layers.??¢ Waller et al. reported the oxidation of the imine link-
ages of the 2D imine COFs TPB-TP-COF (made from tris(4-aminophenyl)benzene and
terephthalaldehyde) and 4PE-1P-COF (from 1,1,2,2-tetrakis(4-aminophenyl)ethene and
terephthalaldehyde) with sodium chlorite as oxidant and 2-methyl-2-butene as hypochlor-
ous acid scavenger to establish RC(O)NHR amide linkages in the COFs. This conversion
improved the stability of the frameworks in acidic and basic environments.'®?

Guo et al. reported a postsynthetic modification starting from the ketoenamine
COF TpBD-Me (from the linkers TPG and 3,3'-dimethylbiphenyl-4,4’-diamine) bearing
methyl groups at the pore walls. These were postsynthetically brominated by applying
N-bromosuccinimide and benzoylperoxide in a Wohl-Ziegler-reaction. In a second step,
trimethylamine was introduced to establish quarternary ammonium units at the pore
walls. 287

Xu et al. synthesized COFs with imine and ketoenamine linkages (made from (.5)-4,4'-
(2-(pyrrolidin-2-y1)-1 H-benzo|d]imidazole-4,7-diyl)dianiline with 1,3,5-triformylbenzene
(COF LZU-72) or with 1,3,5-triformylphloroglucinol (COF LZU-76) featuring a Boc-
protected pyrrolidine. The Boc group was postsynthetically cleaved by applying heat
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or acidic conditions.'?® Summarizing, the substantial collection of postsynthetic modifica-
tion strategies that have been published to date indicates the versatility of this approach

towards expanding the structural and functional diversity of COFs.

1.5 Synthetic Methods and Morphologies

1.5.1 Controlling the Crystallinity

Crystallinity is a key property of covalent organic frameworks that distinguishes them from
organic polymers. Thus, great efforts have been devoted to understanding the parameters
that determine the degree of long-range order in COFs. However, this issue is not yet fully
understood. One of the reasons is that the range of COF structures studied to date covers
many different linkages and various building blocks with different solubility, geometry
and linkage chemistry, all potentially leading to different polymerization/crystallization
behaviour. An early and rather obvious concern was the reversibility of the COF formation
reaction to enable the repair of defects in the structure, thus leading to a crystalline
framework. Therefore, the first synthesis protocols for COFs used closed vials with limited
water content in the reaction mixture. In the meantime other important parameters such
as the solubility of the starting materials or factors related to the stacking ability of the
COF layers have been identified in different COF structures. All of them represent pieces
of the great puzzle offered by the crystallization of COFs.

While the first COF reactions were performed in sealed glass tubes at elevated tem-
perature, Campbell et al. found that microwave reactions under ambient pressure rep-
resented another feasible method for COF synthesis and that the overpressure was not
a prerequisite for COF crystallization.”™ The incorporation of truncated monomers has
different effects on the crystallinity of COFs. In the 3D boroxine COF-102 made of
(methanetetrayltetrakis(benzene-1,4-diyl))tetraboronic acid (see Section 1.3.1), truncated
monomers representing defects in the COF network were incorporated to a large extent
already at low initial concentrations.?® In contrast, we found for COF-5 that was crystal-
lized in the presence of a monoboronic acid nearly no incorporation of artificial defects up
to an initial content of 10% truncated monomer was observed, but a more ordered struc-
ture with a distinctive higher BET surface area and increased domain size was obtained.
This finding showed that the truncated monomer served as an efficient modulator for this

particular COF synthesis.™
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Smith et al. also investigated the growth mechanism of the 2D boronic ester linked
COF-5 and found that using the monofunctional 4-tert-butylcatechol did not lead to in-
corporation into the COF lattice, even when offering up to 12 equivalents in the reaction.
Instead it served as competitor for HHTP and slowed down the COF formation while
only having a small influence on the crystallite domain sizes. A more distinct effect was
observed upon addition of H,O, which increased the domain size noticeably. The authors
also found the aggregation of formed COF crystallites to be irreversible, as the addition of
monocatechol to the already fully crystallized COF did not result in a partial decomposi-
tion of the network, which would be expected under reversible dynamic conditions.”™ The
initially homogeneous nucleation and growth of boronic ester COFs from fully dissolved
monomers was found to be beneficial for the COFs’ porosity, as no insoluble monomers
could block the COF pores.™

In imine-based COF systems, not only the water content but also the presence of
the acid catalyzing the imine formation can be used to tune the synthesis conditions
towards obtaining a crystalline product. In a mechanistic study, Smith et al. investigated
the crystallinity of imine COFs depending on the concentration of acetic acid and water
in the reaction mixture. For the synthesis of the COF TAPB-PDA from 1,3,5-tris(4-
aminophenyl)benzene and terephthalaldehyde they found that the absence of acetic acid
prevented the formation of a solid precipitate. The absence of water resulted in the fast
precipitation of amorphous material. Only with a minimum concentration of > 3.3 M
acetic acid and > 1 M H,O a crystalline framework was formed, demonstrating the great
influence of these additives on a successful synthesis. Notably, once an amorphous polymer
was formed, it could be transformed into a COF by being subjected to the optimal COF
growth conditions in the absence of additional monomers.'®” A similar observation was
made by Gao and coworkers, who demonstrated the decomposition of the imine-linked
COF-I (from 4,4'-biphenyldiamine and TFB) under basic conditions and its subsequent
rearrangement into a crystalline structure upon acidic treatment with acetic anhydride.'3”

In addition to hydrolytic depolymerization, destruction of the COF structure can also
occur by just delaminating the COF sheets, thereby destroying the long-range order in the
z-stacking direction, while the molecular connectivity in the 2D sheets is retained. In this
case, a rearrangement of the layers into a crystalline framework may be possible. This was
demonstrated by Stegbauer et al., who obtained delaminated COF sheets after applying
the hydrazone-linked TFPT-COF in photocatalysis or after simply sonicating the COF in

water. Subsequently, the stacking of the layers was re-established by exposing the material
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to the initial COF synthesis conditions (with the same solvent mixture and catalyst, but
no fresh COF momomers). The reorganized TFPT-COF featured a BET surface area and
crystallinity similar to the initial COF.?** A direct transformation of amorphous polymer
to crystalline COF was achieved for the ketoenamine COF TpBD from TPG and benzidine.
The polymer was first fabricated as a coating on Fe;O, nanoparticles. Upon heating in a
sealed pyrex tube with pyrrolidine as catalyst, the network rearranged to form crystalline
porous COF, demonstrating the reversibility of the ketoenamine formation under these

conditions (Figure 1.19).2%

I. Core@Shell Il. Amorphous-to-Crystalline
Formation Transformation

U4, BuOH/DCB (1:9) |

Pyrrolidine,
120°C, 3d

Amorphous Polyimine Crystalline COF(TpBD)

Figure 1.19: Amorphous-to-crystalline conversion of the COF TpBD on Fe;O, nanoparti-
cles. Reproduced with permission from ref. 285. Copyright 2016 John Wiley and Sons.

A well-known factor affecting the crystallinity of the product of a COF synthesis is
the solvent or solvent mixture used. For example, this was shown in a study by Feng et
al., where the crystallinity of the synthesized porphyrin boronic ester-linked COF showed
great sensitivity towards the composition of the mesitylene : dioxane reaction mixture.
The highest long-range order was achieved with a mesitylene : dioxane = 19 : 1 mixture,
while mesitylene alone led to a poorly crystalline material and a dioxane content of 20%
already resulted in an amorphous product.’” It has to be noted that the impact of the
exact composition of the solvent mixture is different for different systems and that this cor-
relation has not been reported in detail for most COFs. Other factors include the catalyst

system used for condensation reactions, as well as possible linker exchange. For example,
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Matsumoto et al. reported the use of metal triflates rather than acetic acid as catalysts
for the formation of imine COFs. They found that with these compounds, especially with
Sc(OTY),, highly crystalline COFs were formed already at room temperature and within
reaction times of a few minutes. Notably, the accessible BET surface area was significantly
higher than for the same COFs synthesized in solvothermal reactions.!%?

Qiao et al. showed that the imine-linked COF TP-COF-BZ (from benzidine and
[1,1:3',1”-terphenyl]-3,3" 5,5"-tetracarbaldehyde) can undergo linker exchange, with the
benzidine units being exchanged with 1,4-phenylenediamine by suspending the COF in a
solution of the latter at elevated temperatures. Within a few hours, a crystalline COF
with the smaller amine linker was obtained.!™

Besides these factors, the geometry and functionalization of the COF linkers themselves
were shown to largely determine the crystallinity of the COF. In a simulation of boron-
based COFs, Zhou et al. found that the exact AA stacking of the COF layers is not
preferred, but that a slightly shifted stacking is energetically favorable.?26

Heine et al. performed simulations of various shifted layer arrangements in boron-based
COFs, namely serrated and inclined (in armchair and zigzag stacking), and found favorable
Coulomb interactions between the layers in all shifted geometries. However, in many cases
the rather small crystalline domain sizes of COFs in the range of tens of nanometers lead
to line-broadening and limited detail in X-ray diffraction data, and it cannot be stated
unambiguously which of the slightly different arrangements is realized in the COFs.32"

In a recent study, we investigated the impact of side groups on the structure of the
boronic ester-linked BDT-COF (from benzol[1,2-b:4,5-b'|dithiophene-2,6-diyldiboronic acid
and HHTP). We introduced varying fractions of the ethoxy-functionalized BDT linker and
observed the formation of a crystalline COF material for all fractions up to fully modified
BDT-OFEt-COF, while both the pore size and the crystallite domain size decreased with
increasing BDT-OEt content.'%7

The use of -OH functionalized aldehydes in imine COFs, where the -OH can form a
hydrogen bond with the imine group, was not only shown to be beneficial for the stability of
the COF framework but also resulted in a higher crystallinity of the frameworks compared
to -OMe functionalized structures. The reason for this difference lies in the planarization
of the COF structure with the formation of these hydrogen bond interactions, which have
been observed in several structures.?04212

The same effect was found for the azine-linked COF-JLU3 made from hydrazine
and 1,3,5-tris(3"-tert-butyl-4-hydroxy-5"-formylphenyl)benzene.?*” Introducing methoxy



58 1. Covalent Organic Frameworks: Structures, Synthesis and Applications

groups as substituents at the amine linker in imine COFs provided oxygen lone pairs that
softened the interlayer repulsion in the COF stacks. This effect not only led to an increased
crystallinity and very high surface areas, but also greatly improved the COFs’ chemical
stability.'” In an early study, Tilford et al. demonstrated the decrease of crystallinity that
results from the introduction of alkyl chains as substituents of 1,2,4,5-tetrahydroxybenzene
in a boronic ester COF.%4

Following this trend, a decrease in crystallinity compared to non-functionalized linkers
was observed for tetrafluoro functionalized biphenyl linkers in ketoenamine COFs made
from 2,2.3,3'.5,5,6,6'-octafluoro-[1,1’-biphenyl]-4,4’-diamine and TPG. The tetrafluoro-
functionalized linkers exhibit a large twist angle and thus inhibit efficient stacking.26!

In contrast, if the diamine linker consists of only one ring, no rotary axis is present, and
stacking is possible, resulting in a crystalline COF. In an imine COF made from a mixture
of tetrafluoro-functionalized and unfunctionalized diamine linkers, the COF benefits from
the favourable m-interactions between the two linker types and shows highest crystallinity
and BET surface area for a content of 50% of the fluoro-substituted linker.?%

Haase et al. observed a significantly reduced crystallinity of an azine COF with the
trigonal building block 6,6",6”-(benzene-1,3,5-triyl)trinicotinaldehyde with one nitrogen
in each of the peripheral phenyl rings, than for the COF with the isoelectric building
block 4,4’4"-(1,3,5-triazine-2 4 6-triyl)tribenzaldehyde with three nitrogen atoms in the
central phenyl ring, an effect that was attributed to the lower symmetry of the linker with
peripheral functionalization.??®

Our group recently demonstrated the benefits of propeller-like nodes in COF frame-
works. The propeller-shaped tetradental amine linker ETTA (4,4',4”,4"-(ethene-1,1,2,2-
tetrayl)tetraaniline) stacks in a highly ordered fashion due to a lock-in mechanism of the
four propeller-like phenyl rings. The resulting docking sites guide the attachment of suc-
cessive building blocks during crystal growth, thus promoting long-range order in a group
of structurally related COFs. A similar effect was also achieved with the tridental linkers
tris(4-aminophenyl)amine and tris(4-aminophenyl)benzene (Figure 1.20).%

Similarly, with the building block 1,3,6,8-tetrakis(4-aminophenyl)pyrene, an ordered
stacking of the COF sheets was reached. Both theoretical simulations and XRD data
indicate an armchair conformation of the pyrene linker, which allows for a close packing of
both the pyrene and the phenylenes, thus enabling the growth of very large COF domains

as big as 0.5 pm.20?
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Figure 1.20: Lock-and-key motif of propeller-shaped building blocks enabling a defect-
free layer growth. Adapted with permission from Macmillan Publishers Ltd: Nature
Chemistry, ref. 180, copyright 2016.

Sun and Cheng propose a similar locking effect for the bowl-shaped aldehyde linker
triformylcyclotrianisylene (Table 1.10).'5 With the amine analog of the triformylcyclo-
trianisylene, methoxy and hydroxyl side chains at the linear linker terephthalaldehyde
drastically decreased the crystallinity in a COF structure built with these components
compared to a COF with the unsubstituted dialdehyde linker.'®!

Increased flexibility was introduced into imine COF lattices by integrating the linker
tri-(4-formacylphenoxy)-1,3,5-triazine.'>® The linker flexibility was also investigated with
the amine form of this triazine core and was found to support the stacking of the triazine

units, thus improving the crystallinity of the COFs.!%

Xu et al. applied the hexadental
amine linker HAT-NH, (with a hexaazatriphenylene = HAT core) in combination with the
tridental aldehydes 4,4’ ,4"-nitrilotribenzaldehyde and 4’,4",4""-nitrilotris([1,10-biphenyl]-
4-carbaldehyde) to form HAT-NTBA-COF and HAT-NTBCA-COF, respectively. In these

frameworks, the imine bonds are present in two different orientations to achieve the for-
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mation of a crystalline framework rather than the amorphous polymer that would result
from one single orientation of the imine bonds.?3

Dong and coworkers investigated the influence of the monomer planarity on the
crystallinity of the COF in a series of nitrogen-rich COFs. They found that the
planar triazine core linker 2.4,6-tris(4-aminophenyl)-1,3,5-triazine (TAPP) formed a
highly crystalline COF upon co-condensation with 1,3,5-benzenetricarbaldehyde, while
only poor crystallinity was observed with the non-planar building blocks 1,3,5-tris(4-
aminophenyl)benzene or tris(4-aminophenyl)amine.!*® Salonen et al. utilized the strong
dipole moment in pyrene-4,5-dione units to synthesize a highly crystalline boronic ester
COF. The authors propose an antiparallel alignment of the dipolar pyrene-4,5-dione units
in the COF as they have the most favorable interaction energy in this arrangement.”

Incorporation of methyl groups in a truxene-based building block to form 3,8,11-tris(4-
formylphenyl)-5,5,10,10,15,15-hexamethyltruxene did not hinder the formation of crys-
talline COFs in the co-condenasation with PDA or benzidine, respectively. Instead, incor-
poration of the methyl groups changed the layer arrangement from the usual AA stacking
to an inclined arrangement.!®7

The building block 1,3,5-tris(4-formylphenyl)benzene was modified with fluorine atoms
at the core or outer phenyl rings to synthesize azine COFs with the building blocks
1,3,5-trifluoro-2,4,6-tris(4-formylphenyl)benzene (TF-COF 2) and 1,3,5-tris(3-fluoro-4-
formylphenyl)benzene (TF-COF 1). Integration of these modified building units into
azine-linked COFs led to drastically increased BET surface areas (1820 and 2044 m? g~! for
TF-COF-1 and TF-COF-2, respectively) compared to a COF with the non-functionalized
linker (760 m?g~'). The authors attribute this improvement to a polarization in the
aromatic rings, caused by the fluorine substituents, that would enhance cofacial inter-
actions, and to the increased reactivity of the azine groups in the fluorinated linkers
(Figure 1.21).2°* Also, when integrating the linker of TF-COF-1 in a mixture with non-
fluorinated linker, the crystallinity and BET surface area of the resulting COFs increased
for higher fraction of the fluorinated monomer with a distinct increase from the 75%
fluorinated (Sggr = 1064 m? g~!) to the 100% fluorinated COF (Sggr = 1802 m?g~1).
Quantum mechanical calculations of the stacking interactions in dimers of these linkers
revealed that the fluorinated-fluorinated interaction is energetically favored in comparison
to the stacking of a fluorinated with a non-fluorinated linker or of non-fluorinated linkers

alone.?%°



1.5 Synthetic Methods and Morphologies 61

0-DCB, nBuOH, 6M AcOH
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Figure 1.21: Schematic representation of the synthesis of azine-linked COFs with fluori-
nated linkers. Reproduced with permission from ref. 254. Copyright 2017 John Wiley
and Sons.
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1.5.2 Processing

1.5.2.1 Solvothermal Synthesis and Reactions under Ambient Pressure

The first syntheses of COFs were performed under solvothermal reaction conditions, and
this method is to date still the most popular and most frequently applied synthesis method
for COF formation. Thereby, the COF precursors are placed in a vial together with the
desired solvent or solvent mixture and catalysts or modulators, if needed. The reaction
vessel has to be a closed container, like a sealed pyrex tube, a steel autoclave with a Teflon
liner or a glass bottle with a plastic cap. The reaction mixture in this vial can be heated
above the boiling point of the solvent, allowing for an increased solubility of the precursors
and improved kinetics. Although the solvothermal synthesis pathway in many cases leads
to satisfactory results in terms of crystallinity and porosity of the products, it also has
some drawbacks. The most important could be the difficult transferability to industrial
applications, as scale up is challenging, and the slow reaction rates observed in many COF
syntheses.

An early approach towards moving away from closed reaction vials was reported by
Fischer and coworkers for the synthesis of COF-1. They introduced NH;-H,O vapor to
a clear solution of BDBA and obtained a COF-1-ammonia adduct. Upon heating, the
NH; molecules were removed to yield the COF-1 as a guest-free framework. However, the
crystallinity of the product was lower than for the solvothermal synthesis of COF-1.41

In recent years, protocols for the solution based synthesis of COFs under ambient
pressure have been reported. Dichtel and coworkers used COF synthesis pathway from

75,76

clear solution for the synthesis of a range of boronic ester COFs, and metal-triflate

catalyzed room temperature syntheses of imine COFs that led to COFs with BET sur-

182 (see Section 1.5.1 for

face areas superior to the solvothermally synthesized frameworks,
details).

Very recently, Peng et al. reported the room temperature batch synthesis of imine,
enamine and azine linked COFs. For this, a mixture of the monomers was sonicated
for homogenization and was then allowed to stand for 3 days. If linkers with a good 7-
stacking ability were used, the resulting COFs featured crystallinity and porosity equal to
their solvothermal counterparts.

When building blocks with lower ability for m-stacking were used, namely hydrazine and

1,3,5-tris(4-formyl-phenyl)benzene, a COF was still formed but with a significantly lower

BET surface area. Furthermore, a continuous flow synthesis of the COF LZU-1 (made from
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1,4-phenylenediamine and 1,3,5-triformylbenzene) was demonstrated, yielding the COF in

127 5 strategy that was also applied by Dichtel and coworkers to synthesize

good quality,
thin films (see Section 1.5.3.2).%' Furthermore, Lin et al. reported the formation of an
imine COF shell around Fe;O, nanoparticles in a room temperature synthesis in only 5

minutes.!88

1.5.2.2 Microwave-Assisted Synthesis

An early approach to overcome the relatively long reaction times of the solvothermal
synthesis was the use of microwave irradiation for COF synthesis, reported by Campbell
et al. in 2009. They demonstrated the synthesis of COF-5 in a microwave reaction in only
20 minutes. Subsequent purification by microwave extraction steps yielded a material with

—1. which is higher than the values reported

a BET surface area of more than 2000 m?g
for solvothermal synthesis. The same synthesis protocol was also successfully applied for
the synthesis of COF-102.7

Wei et al. observed similar effects for the g-ketoenamine COF TpPa-1, which showed
better crystallinity and higher surface area and CO, capacity when synthesized under
microwave irradiation within 60 min compared to a solvothermal synthesis, taking 60 min
as well. 2%

In the synthesis of azine COFs with two pore sizes, derived from the introduc-
tion of desymmetrized aldehyde linkers 5-(4-formylphenyl)isophthalaldehyde and 5-[(4-
formylphenyl)ethylene]isophthalaldehyde, microwave synthesis led to COF material with
properties comparable to the solvothermally synthesized one.?*® The microwave synthe-
sis of TpPa-2 (a ketoenamine COF from TPG and 2,5-dimethyl-1,4-phenylenediamine)

yielded porous COF particles with a narrow particle size distribution.?”®

Lee et al. ap-
plied microwave-assisted synthesis for the formation of the imide-linked PI-COF, made
from the bulding blocks pyrommelitic dianhydride and tris(4-aminophenyl)amine. By
introducing the monofunctional molecule 4-[(dimethylamino)methyl]aniline in the synthe-
sis, a truncation and functionalization of the network with dimethylamine groups was

realized.306

1.5.2.3 Mechanochemical Synthesis

For some S-ketoenamine COFs, mechanical grinding of the COF linkers was found to
yield the same COF structures as known from solvothermal reactions. In a very simple

experimental setup, the two starting materials were ground with mortar and pestle. The
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mechanochemically synthesized COFs were less crystalline compared to the solvothermally

synthesized batches and had rather low BET surface areas of below 100 m? g1,

Mechanochemical
Synthesis (MC)

Manual @ I.@
Grinding RT a fie TpPa‘1 l\'x

(Schiffbase | ' +&r* = Keto form < -0
Reaction) = ;

o

TpPa-1 (MC) (R=H, R,=NH,)
TpPa-2 (MC) (R=Me, R=NH,)
TpBD (MC) (R=H, R=Ph-NH,)

Figure 1.22: Schematic representation of the mechanochemical synthesis of the COFs
TpPa-1, TpPa-2, and TpBD using a mortar and pestle. Reprinted with permission from
ref. 262. Copyright 2013 American Chemical Society.

Nevertheless, their chemical stability was equivalent to the solvothermally synthesized
batches. With this synthesis method, the COFs are formed as exfoliated thin sheets, which
are also accessible via grinding solvothermally synthesized COF powder (Figure 1.22).252

A drastic increase in both, crystallinity and BET surface area was achieved by a liquid-
assisted grinding method, where a catalytic amount of liquid was added to the COF
precursors. This also increased the reaction rate. The method was successfully applied for
the synthesis of 3-ketoenamine, imine and hydrazine COFs.!28289

By grinding the diamine linker together with p-toluenesulfonic acid and water and
subsequent addition of TPG and heating to 170 °C for 1 min, the ketoenamine COFs
were obtained in high quality and some with high surface areas. The reagent mixture
had the consistence of dough and could be processed into various shapes without any
additional binder, hence enabling the fabrication of COF sculptures wvia this ‘terracotta

process’ (Figure 1.23).267
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Figure 1.23: (a) Mechanochemical COF synthesis by extrusion. (b) Schematic representa-
tion of COF-bead fabrication using the terracotta technique. (c¢) Schematic representation
of COF processing into sculpture wvia the organic terracotta process. (d-f) Digital pho-
tographs of COF membrane, hollow tube, and cylinder, respectively. Reproduced with
permission from ref. 267. Copyright 2017 American Chemical Society.

Similarly, the synthesis was also performed from a solution of p-toluenesulfonic acid
and water with various linear aromatic diamines with subsequent addition of TPG. These
mixtures also formed doughs that were cast on glass and baked to yield self-standing
membranes.?*3

On the other hand, when the sulfonic acid functionalized ketoenamine COFs NUS-9 and
NUS-10 (made of 1,3,5-triformylphloroglucinol with 2,5-diaminobenzenesulfonic acid and
2,5-diaminobenzene-1,4-disulfonic acid, respectively) were synthesized mechanochemically,
amorphous material was obtained and moderately crystalline materials with low surface
areas were only achieved after recrystallization.?

Vazquez-Molina et al. found that pre-synthesized unoriented powder of 2D COFs can
be aligned into anisotropic packing by applying mechanical stress, namely by pressing a
pellet of the COF powder. XRD analysis revealed a preferred orientation of the COF

layers perpendicular to the axis of the mechanical force.®?
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1.5.2.4 Sonochemical Synthesis

Another alternative to solvothermal synthesis is the sonochemical approach. By the ap-
plication of ultrasound, bubbles are formed in the solvent which grow and collapse in a
process called cavitation, leading to very high local temperatures and pressures in the
solution, thus accelerating the chemical reaction. Yang et al. investigated this synthesis
method for the formation of COF-1 and COF-5. A short reaction time of only 0.5-2 h
was achieved, resulting in a BET surface area of up to 2122 m?g~!; the reactions could
be scaled up to a 0.5 L batch size.?® With this mild synthesis method, COF-5 was also

successfully deposited on carbon nanotubes and graphene.**

1.5.2.5 Vapor-Assisted Conversion

A vapor-assisted conversion of COF precursors for the preparation of thin COF
films has been developed by our group. In these syntheses, COF precursors such
as (4,8-diethoxybenzo[1,2-b:4,5-0']dithiophene-2,6-diyl)diboronic acid and 2,3,6,7,10,11-
hexahydroxytriphenylene (HHTP) were dissolved in a solvent mixture of acetone and
ethanol and dropcast on a substrate that was then placed into a dessicator together with
a reservoir containing a 1 : 1 mixture of mesitylene and dioxane. After 72 h at room
temperature, smooth, homogeneous COF films were obtained (Figure 1.24).

Thereby, a strong influence of the solvent in the reservoir on the crystallinity of the
products could be observed. The film growth was demonstrated on various surfaces,
with different COFs and with control over the film thickness by changing the amount
of precursor in the droplet.?”

Jiang et al. reported the formation of COF nanofibers from 2,6-dihydroxynaphthalene-
1,5-dicarbaldehyde and 2,4,6-tris(4-aminophenyl)pyridine in a vapor-assisted solid state
transformation. Here, the two linkers were first mixed as solids and then this mixture was
placed in a closed vessel next to a liquid reservoir containing a defined mixture of dioxane
: mesitylene : 6 M AcOH =5:5:1.

Exposure of the solid starting materials to the solvent vapor resulted in condensation to
a COF structure with a fibrous morphology and moderate crystallinity and porosity. The
authors found that the composition of the vapor has a strong influence on the crystallinity
of the COF and that the acid in the vapour plays a key role in the formation of a crystalline

product.!™
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10 um

Figure 1.24: (a) Top view SEM micrograph of BDT-COF film synthesized by room tem-
perature vapor-assisted conversion, representing the surface morphology. (b) Cross-section
SEM micrograph. Reprinted with permission of the American Chemical Society from ref.
57.

1.5.3 Special Morphologies

1.5.3.1 Single Layered COFs

Single layered 2D COFs can be obtained by either exfoliating COF sheets from pre-
synthesized 2D COF bulk material or by directly growing a single layer on a sur-

face. The exfoliation of the COF can be achieved by sonication in a delaminating

solventd1:117,242-244,304,308 200,261

or by mechanical grinding. These methods usually lead to

COF sheets that are composed of several COF layers, but single layered material has
recently been reported.?4”

The delamination of a S-ketoenamine COF containing anthracene units was achieved
by postsynthetic cycloaddition of N-hexylmaleimide to the anthracene units, which re-
sulted in perturbation of the stacking of the COF sheets and their delamination. Immers-
ing these delaminated sheets in CH,Cl, and transfer of this mixture to a water reservoir
led to self-assembly of the COF layers at the air-water interface. Subsequently, they could
be taken up as single or few layer sheets (Figure 1.25).2

A three-step postsynthetic modification pathway (reacting first the aromatic hydroxyl
groups with glycidol to establish aliphatic hydroxyl groups which were then utilized as
anchoring points for 3-aminopropyltriethoxysilane whose primary amine was in the third

step reacted with folic acid) also resulted in the delamination of the COF sheets in the

COF TpASH (from TPG and 4-amino-2-hydroxybenzohydrazide).?*
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The direct growth of COF structures as single layers (sCOFs) on substrates was
achieved using the slightly reversible chemistry that had already been applied for COF
powder synthesis, like the formation of boroxines and boronic esters and Schiff-base chem-
istry yielding imines.

However, in single layer growth, regularly ordered structures have also been obtained
by applying reactions that would lead to amorphous material when used in bulk synthesis,
like Ullmann coupling or esterification. A detailed review of single-layered structures
formed by all these linkage modalities is given by Liu et al.3*® Here, we will focus on the
linkage motifs that were also successfully applied for COF powder synthesis.

COF-1 (also named SCOF-1) and COF-5 (also named SCOF-2) were grown on an
Ag (111) substrate by sublimation of the linkers from two heated molybdenum crucible
evaporators under ultrahigh vacuum. A nearly full surface coverage was reached for both
COFs. COF-5 formed a very regular network while COF-1 showed many defects.®® A
different approach towards a COF-1 single layer was reported by Dienstmaier et al. and
our group in 2011. The authors performed a pre-condensation of BDBA by heating it in
the presence of water vapor to form COF-1 nanocrystals. Subsequently, these crystals were
resuspended, drop-cast on highly oriented pyrolytic graphite (HOPG), and an annealing
step at higher temperatures and with water vapor was applied. Thereby, large domains of
a COF-1 monolayer with only a few defects were obtained. Direct annealing of BDBA on
HOPG also led to a COF-1 monolayer with similar domain sizes and defect density.*®

A solvent-free vapor deposition route was reported by Spitzer et al. for the synthesis of
surface COFs on HOPG from BDBA and 4,4’-biphenyldiboronic acid, respectively. With
this technique, smoother and more ordered films were achieved, compared to a synthesis
route were the monomers were dissolved in a solvent and brought to the HOPG surface by
drop-casting.?? Similarly, boroxine COFs were grown by utilizing the thermal dehydration
of CuSO,x5H,0 to achieve a continuous water vapor supply (Figure 1.26).5

A further lattice expansion of these surface COFs was achieved by utilizing linear di-
boronic acids with up to four phenyl rings, and a pyrene diboronic acid was also suc-
cessfully employed.®® Yu et al. investigated the co-condensation of HHTP with 4,4'-
biphenyldiboronic acid on HOPG. The structure formed on the surface was determined by
the initially applied linker ratio. The highest surface coverage with COF-10 was found for
the HHTP to boronic acid ratio of 1 : 4 while a ratio of 1 : 6 led to homopolymerization

of the boronic acid to form a boroxine COF .89
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Figure 1.25: a) DaTp-CONs in DCM. b) LbL assembly after DCM evaporation. ¢) A thin
layer inside a copper loop. d) Schematic representation of the thin-film formation at an
air-water interface. Adapted with permission from ref. 296. Copyright 2016 John Wiley
and Sons.

COF-1 on HOPG was applied by Cui et al. as a host for fullerene moieties by immersing
the COF on HOPG in a solution of fullerene in heptanoic acid. A preferential adsorption
of the fullerene on top of the COF layer, more specifically on top of the boroxine units
rather than the phenyl rings, was observed.*? Later, Plas et al. prepared COF-1 on HOPG
and added fullerene in 1-phenyloctane. They observed adsorption of the fullerene units
in the pores of the COF layer, rather than at its nodes.”® When they dissolved Cg, in
trichlorobenzene, Cui et al. observed the selective adsorption of the trichlorobenzene
molecules in the pores and adsorption of the fullerene at the top of the COF-1 layer.?®
This series of observations nicely illustrates the possibility to control the Cg, adsorption
site on COF layers through the choice of the solvent.

On-surface self-condensation of the 4,4’-phenylazobenzoyl diboronic acid alone yields
a boroxine COF layer with azo groups. The switching of these azo groups from the
trans- to the cis-isomers upon irradiation with UV light led to cleavage of the boroxine
bonds. Surprisingly, this process was shown to be reversible, as the initial hexagonal COF

structure was recovered upon heating of the photoswitched COF layer.5®



70 1. Covalent Organic Frameworks: Structures, Synthesis and Applications

HO, OH %
’BB‘ closed system 00
HO OH

T, HO O
biphenyldiboronic acid < O

BPDA

Figure 1.26: The synthesis of SCOF-1 with CuSO,x5H,0 as reaction equilibrium regu-
lator. Reproduced from ref. 55 with permission of The Royal Society of Chemistry.

Liu et al. investigated the growth of the azo-containing COF made from HHTP and
4,4’-phenylazobenzoyl diboronic acid at the octanoic acid/HOPG interface. They found
that the monomer concentration of both building blocks is one of the main factors deter-
mining the resulting structure with a high concentration leading to multi-wall structures
while at lower concentrations, the COF lattice is formed. Furthermore, a transformation
from a single-wall COF to multiwall structures was observed after applying a voltage pulse,
a process that was not reversible, indicating that the COF is not the thermodynamically
most stable structure as single layer on HOPG (Figure 1.27).'!

Likewise, highly ordered imine structures were grown on HOPG using the condensation
reaction of PDA with 1,3,5-triformylbenzene to form COF-LZU-1, and of TA with tris(4-
aminophenyl)benzene, respectively. Thereby, the tridental linker was dropcast on the
HOPG substrate and the sample was placed in an autoclave. The linear linker was placed
at the bottom of the autoclave and evaporated upon heating. CuSO,x5H,0O provided a
limited amount of water vapor. The direct casting of both linkers on the substrate led to
a much less ordered film.'3*

The direct casting method was also applied to 1,3,5-triformyl-benzene and vari-

121

ous linear diamines with a length of up to three phenyl rings."** Investigations of
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Figure 1.27: Concentration-induced structure evolution of a co-condensation reaction of
ABBA and HHTP on HOPG at room temperature. Reproduced with permission from ref.
111. Copyright 2016 John Wiley and Sons.
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the growth process of single layer COF LZU-1 on single layered graphene revealed a
strong interaction between the substrate and the COF layer.'® Moreover, COF layer
growth on HOPG was performed by co-condensing 1,3,5-tris(4-aminophenyl)benzene
with 2,3-dihydroxyterephthalaldehyde, 2,5-dihydroxyterephthalaldehyde, and the non-
substituted aldehyde linker, respectively,'®® and for 1,3,5-tris(4-formylphenyl)benzene and
benzidine.'*? Structures with higher defect concentrations were obtained for an azine COF
layer from hydrazine and 1,3,5-tris(4-formylphenyl)benzene. %

Imine COFs with porphyrins at the nodes were shown to form supramolecular as-
semblies with a perylene diimide derivative with the perylene guest being located in the
tetragonal pores of the COF.2!® Imine-linked porphyrin COF layers were also grown on an
iodine-modified Au(111) substrate with a mixture of Fe(III)-complexed and metal-free por-
phyrin used as nodes.?’” Sun et al. investigated the host-guest interactions of COF-LZU-1
layers with coronene, copper phthalocyanine and fluorine substituted copper phthalocya-
nine. They found indications for a dynamic adsorption-desorption process of the guest
molecules, and that the fluorine-substituted guest showed the strongest interaction with
the COF host layer, due to hydrogen bonding interactions.?%

Condensation of tetrathiafulvalene tetraaldehyde and 1,4-phenylenediamine on HOPG
resulted in the formation of (mainly double) layers of TTF-COF. This bilayer forma-
tion was attributed to the strong 7-7 interactions between the tetrathiafulvalene units.?3!
Investigating the effect of a linker elongation in this COF, a reduced domain size and
an increased number of trigonal pore structures was found for a COF layer built with the
biphenyl amine benzidine serving as linear building block.?3 The group of Blunt conducted
structural investigations regarding the condensation of amino-functionalized porphyrin or
Zn-porphyrins with TA, grown as single layered COF on a HOPG surface in the presence
of water. They were able to show that the linkages in the formed 2D COF are not only
made of imine bonds but that a large part of the bonds are non-conjugated hemiaminal
linkages.?%

Dual-linkage imine and boroxine COFs from amines and 4-formylphenylboronic acid
or 3-formylphenylboronic acid were grown on HOPG as well. Notably, with the asymmet-
ric linker 3-formylphenylboronic acid, clockwise and counterclockwise arrangements were

formed that grew in phase-separated domains.!™
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1.5.3.2 Thin Films

In an early study, Dichtel and coworkers were able to achieve the oriented growth of COF
thin films on single-layer graphene, while the substrate was placed in the solvothermal
reaction mixture. The grown COF crystallites were oriented perpendicular to the graphene
layer. This synthesis was demonstrated for COF-5, TP-COF (from HHTP and pyrene-
2,7-diboronic acid), and NiPcPBBA-COF (from 1,4-phenylenebis(boronic acid) and Ni
octahydroxyphthalocyanine). In all cases, oriented smooth films were obtained that fully
covered the substrates.” When transferring this method to a series of Zn-phthalocyanine
COFs with boronic acid linkers of increasing lengths, they found that a solvent mixture
of dioxane, MeOH, N,N-dimethylacetamide (DMA) and 1,2-dichlorobenzene (DCB) in
3:1:2:1v/vratio led to the formation of oriented crystalline films in all cases,
while with the solvent mixture of only DMA/DCB crystalline, but unoriented films were
formed.?°

A remarkably high degree of orientation of a COF film was reached with the complex
solvent system described above and a diphenylbutadiyne boronic acid linker. Grazing
incidence X-ray diffraction measurements indicated a mosaic spread below 0.2° and a
correlation length in the stacking direction of 31 nm.?Y By changing the solvent system of
the solvothermal COF synthesis towards a 1 : 3 MeOH : dioxane mixture, an oriented film
of ZnPcPBBA was achieved. The film grew selectively on single-layered graphene but not
on Si0,, probably due to adsorption of the ZnPc units on the SLG prior to COF growth.
This selectivity was used to grow COF islands on a substrate with an SLG pattern.”

The formation of oriented films of BDT COF'® made from HHTP and (4,8
diethoxybenzo[1,2-b:4,5-b'|dithiophene-2,6-diyl)diboronic acid, and TP-Por COF''? made
from HHTP and 5,15-bis(4-boronophenyl)porphyrin, was demonstrated by our group on
ITO (indium doped tin oxide), nickel oxide (NiO), and MoOx, respectively. Applying a
solvothermal reaction route with the substrates placed upside down in the reaction mix-
ture, thin, well-oriented and porous films were obtained. GISAXS measurements confirmed
the vertical alignment (relative to the substrate) of the 2D COF channels in these films.
In an intriguing approach, Feldbluym et al. prepared unsupported smooth COF films at
the solution/air interface.'®® For this purpose, the COF precursors, a benzene dithiophene
carbaldehyde, and tris(4-aminophenyl)amine, were dissolved in N, N-dimethylformamide
(DMF) and acetic acid was added. The obtained solution was transferred into a petri dish

that was kept in a sealed container with H,O-saturated atmosphere for 2-3 days; during
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this time a film was grown on the liquid/gas phase interface. This film could be trans-
ferred to a substrate of choice. It was approx. 50 nm thick and rather rough and showed
a slightly preferred orientation of the COF layers parallel to the liquid/air interface.

Thinner and smoother films were obtained when the initial synthesis mixture was first
incubated at 100 °C for 24 h and the COF bulk material that was formed at that time was
removed, and the film growth was repeated with the thus obtained supernatant. Bisbey
et al. reported a continuous flow synthesis pathway for the synthesis of boronic ester COF
thin films. With this method, crystalline oriented films were accessible with a higher film
thickness than with the conventional solvothermal route. As the growth rates of the COF
films under continuous flow conditions were found to be constant, an efficient control over
the film thickness was possible.®!

The growth of COFs as thin oriented films was shown to be highly advantageous
for novel applications. For example, this was demonstrated by DeBlase et al. for
the anthraquinone COF DAAQ-TFP made from 2,6-diaminoanthraquinone (DAAQ)
and 1,3,5-triformylphloroglucinol (TFP) (we note that for the building block 1,3,5-
triformylphloroglucinol, two different abbreviations, TPG and TFP are used in the lit-
erature). Initially, thick unoriented films of DAAQ-TFP COF powder immersed in a
carbon black binder were prepared and investigated as a capacitive electrode material.?™
The formation of oriented films of the same COF was later achieved by the slow addition
of TFP in DMF to a solution of 2,6-diaminoanthraquinone (DAAQ) in DMF while an Au
substrate was placed in the DAAQ solution. Films prepared with this method were 60-560
nm thick and oriented. Compared to unoriented films, the capacitance was significantly
increased (see Section 1.6.4 for details).?”

Solvothermally grown, oriented thin films of COFrgppypppa (from 1,3,6,8-tetrakis(p-
formylphenyl)pyrene and 1,4-phenylenediamine) were applied as transport channel in an
organic field-effect transistor.?3? Similarly, Chen et al. demonstrated a distinct increase of
the photoresponse of oriented TT-COF films compared to randomly oriented material.1%

Smith et al. prepared COF-5 as a colloidal solution. By varying the concentration of
the co-solvent CH;CN, the particle size could be varied between 45 and 240 nm. From this,
they were able to form films by simply evaporating solvent from the colloidal suspension.
The films were free-standing, porous and >10 pm thick. Remarkably, grazing incidence
X-ray diffraction revealed preferential orientation of the 2D COF layers perpendicular to
the plane of the film, in contrast to the parallel orientation that is accessible via direct

solvothermal growth.8?
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Non-oriented COF films were prepared by the vapor-assisted conversion of COF pre-
cursors on a substrate. In this method, the COF precursors were dissolved in a solvent
mixture and drop cast on a substrate that was placed in a desiccator together with a sol-
vent reservoir. Smooth, homogeneous, but unoriented films of adjustable thickness were
obtained; for details see also Section 1.5.2.5.°7 In an early study, Yang et al. prepared
films of COF-1 and COF-5 on alumina discs applying the sonochemical synthesis method
described in Section 1.5.2.4. A dense, homogeneous film was formed.?® Selective growth
of COF-366 (from tetrakis(p-aminophenyl)porphyrin and TA) on hexagonal boron nitride
but not on silicon wafer was achieved via a solvothermal synthesis route.?%3

Wang et al. prepared COF-LZU-1 (from 1,3,5-triformylbenzene and 1,4-
phenylenediamine) as a thin film on silicon by first modifying the substrate with an NH,-
terminated self-assembling monolayer. This substrate was then successively exposed to
solutions of the linkers TFB and PDA, respectively. By repeating the linker exposure
steps for up to four times, non-oriented rough films with a thickness of up to 25 + 3 nm
were obtained.!'?® A related surface functionalization approach was used by Bao et al.,
who modified the surface of a glass or fused silica capillary column with polydopamine.
Subsequently, they prepared a solution of both linkers for COF-5, BDBA and HHTP, and
filled the polydopamine-modified glass capillary tube (featuring catechol groups) with this
solution. Then the capillary was heated at 100 °C for 20 h and subsequently washed.
By repeating the polydopamine and COF-5 deposition steps, an unoriented, rough film of
COF-5 and polydopamine was formed on the capillary wall.”™

Niu et al. pre-synthesized the COF LZU-1 and prepared a suspension of this COF
with a particle size over 300 nm. A capillary that was modified with glycidoxypropy-
Itrimethoxysilane, featuring epoxy groups, was then filled with the COF suspension and
heated at 70 °C for 4 h, leading to the formation of a rough film of COF-LZU1 attached
to the capillary wall.!3!

Similarly, Qian et al. prepared a COF-modified fused silica capillary column first
with 3-aminopropyltriethoxysilane and subsequently injected the pre-mixed COF' linker
solutions (1,3,5-triformylbenzene functionalized with chiral (4)-diacetyl-L-tartaric anhy-
dride and 1,4-phenylenediamine, 2,5-dimethyl-1,4-phenylenediamine and benzidine) into
the column, followed by heating at 90 °C for 4 h. These columns were then applied in
chiral separation tasks.?’® De la Pefia Ruigémez et al. performed the room temperature
synthesis of RT-COF-1 from solution using 1,3,5-tris(4-aminophenyl)benzene and 1,3,5-
benzenetricarbaldehyde with m-cresol or DMSO as a solvent. Patterning the COF in the
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Figure 1.28: Schematic diagram of the processes for fabricating metal/ COF stack multi-
layer via alternating physical deposition of metal materials and solvothermal deposition
of COF (left) and for patterning thin films via photolithography and reactive ion etching
(right). Reproduced from ref. 275 with permission of The Royal Society of Chemistry.

form of stripes was achieved using lithographically controlled wetting on an SiO, sub-
strate, and as dots via ink-jet printing on SiO, and acetate paper, respectively. With both
methods, rather rough, and with the inkjet method only partially covered COF coatings
were achieved.!4!

Thin, oriented films of the ketoenamine COF TpPa-1 (also named DAB-TFP COF)
from the linkers 1,3,5-triformylphloroglucinol and 1,4-phenylenediamine were prepared in
a solvothermal synthesis route on ITO, FTO, silicon, and platinum by Lu and cowork-
ers. Repeated deposition of Pt and COF layers was shown to be a suitable method for
the preparation of Pt/COF multilayered structures. By coating a COF film on an ITO
substrate with a photoresist and photolithographically patterning of this film followed by
reactive ion etching of the COF layer, a COF film with square holes was obtained with a

potential application for device fabrication (Figures 1.28 and 1.29).2™
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200 pm

Figure 1.29: (a) Optical image and (b) SEM image of patterned COF thin film on ITO
substrate. Reproduced from ref. 275 with permission of The Royal Society of Chemistry.

Wang et al. investigated the growth of thin films of COF-LZU1 on silicon substrates
modified with (3-aminopropyl)triethoxysilane (APTES), octadecyltrichlorosilane (OTS),
and on bare silicon with a native oxide layer of SiO,. They found that below a cer-
tain monomer concentration, only amorphous material was grown as a film and that the
crystallinity of the already deposited material increased over time in a direct conversion

of amorphous material and non-oriented crystallites into a crystalline and oriented COF

film.!33

1.5.3.3 Nanoparticles, Nanofibers and Hollow Structures

Generally, in most syntheses COFs precipitate as particle aggregates in the pm range,
but for some systems, the formation of nanoparticles or the assembly of COF crystallites
into fibrous or hollow spherical morphologies has been observed. Bai et al. reported
the synthesis of COF nanoparticles prepared in a 3 d solvothermal synthesis from 1,3,5-
triformylbenzene (TFB) and 2,4,6-tris(4-aminophenyl)-1,3,5-triazine (TAPP) (PI-3-COF)
and 4,4-biphenyldiamine (PI-2-COF), respectively. Spherical COF particles with a size of
~ 50 nm were obtained for PI-2-COF while PI-3-COF formed needles Both COFs were
applied as hosts for drug delivery (see Section 1.6.7).138



78 1. Covalent Organic Frameworks: Structures, Synthesis and Applications

Smith et al. developed a synthesis method for colloidal boronic ester COFs (from
the co-condensation of HHTP with 1,4-benzenediboronic acid, 4,4’-biphenylbis(boronic
acid), 2,7-pyrenebis(boronic acid), and 4,4’-diphenylbutadiynebis(boronic acid). They
found that by using CH;CN, a solvent that impedes the aggregation of the COF par-
ticles in the synthesis, nanoparticles are created that form a stable colloidal solution with
the CH;CN concentration determining the particle size. From these solutions, oriented
films can be prepared® as described in Section 1.5.3.2. A COF made from the linkers

2,6-dihydroxynaphthalene-1,5-dicarbaldehyde (DHNDA) and TAPP was found to form

1178 179

nanofibers both in a solvotherma and in a vapor-assisted solid state synthesis'™ (see
also Section 1.5.2.5). In the solvothermal synthesis, a transformation of initially formed
small COF particles into nanofibers was observed within the first 24 h of the reaction. Sim-
ilar results were found for the vapor assisted synthesis reaction, but here the full conversion
into the nanofibers took 48 h. The nanofibers were mostly branched with a diameter of
50-80 nm. In general, the nanofibers only had a low crystallinity, and low surface areas
of 416 m? g~! and 280 m? g~! for the COF synthesized solvothermally and vapor-assisted,
respectively.

A direct synthesis of COF nanofibers was achieved by microfluidic synthesis of MF-
COF-1 made from TFB and 1,3,5-tris(4-amino-phenyl)benzene (Figure 1.30). The result-
ing COF consisted of fibers of ~ 70 nm in diameter and the COF had a moderate surface
area of 535 m? g—1.143

Hollow COF nanorods were prepared by the group of Banerjee, applying an indi-
rect approach. They used ZnO nanorods as structural templates. The [S-ketoenamine
COF TpPa-1 (from 1,3,5-triformylphloroglucinol and 1,4-phenylenediamine) was grown
in a solvothermal reaction on the surface of the ZnO rods, which were subsequently dis-
solved, yielding hollow COF nanorods that were approximately 200-300 nm in width and
750-1500 nm in length.?%> The authors also found that the COF ThaTab, made of 2,5-
dihydroxyterephthalaldehyde and 1,3,5-tris(4-aminophenyl)benzene, undergoes a ripening
process after the initial crystallization to form large hollow spheres of 0.5 to 4 pm in
diameter. %!

Additional COFs that grew as hollow spheres in conventional solvothermal routes
include COF LZU-1,'%6:132 SIOC-COF-3 and SIOC-COF-4 (from the co-condensation
of the hexaaldehyde linker 4',4” 4" -nitrilotris([1,1’-biphenyl]-3,5-dicarbaldehyde) with
PDA or benzidine),'®® and SIOC-COF-7 from 4,4”-bis(4-formylphenyl)amino-[1,1":4’,1"-
terphenyl]2’-5'-dicarbaldehyde and PDA. .17
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Figure 1.30: Microfluidic synthesis of MF-COF-1. Adapted from ref. 143 with permission
of The Royal Society of Chemistry.

1.5.3.4 Composites

Nanoparticles in COFs. Covalent organic frameworks have been shown to serve as
valuable components in composite materials. Hereby the COF has been used in var-
ious functions. One approach is the use of the porous COF structure as a scaffold
for the encapsulation of a catalytically active material. This has been demonstrated
for metal nanoparticles by Pachfule et al. They soaked the pores of the ketoenamine
COF TpPa-1 (from 1,3,5-triformylphloroglucinol and 1,4-phenylenediamine) with a solu-
tion of HAuCl,;x3 H,O. Upon addition of NaBH,, the Au(III) was reduced to yield Au(0)
nanoparticles with an average diameter of 5 nm in the COF framework.?%? Similarly, Pd(0)
nanoparticles with an average diameter of 7 nm were created from Pd(OAc), precursor in
the pores of TpPa-1.2%% Both composites were applied in catalytic reactions (see Section
1.6.3), but while the Au nanoparticle composite could be used repeatedly without changes
in catalytic activity, the Pd particles underwent sintering already during the first catalytic
cycles, which significantly decreased the catalytic conversion rate.

A similar strategy was applied with the ketoenamine COF TpPa-2, where 2,5-dimethyl-
1,4-phenylenediamine is used as amine linker, to create CdS nanoparticles in the COF

structure. For this purpose, a suspension of the COF in a solution of the precursor
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Cd(OAc), in DMSO (as source for sulfur) was prepared. Upon heat treatment at 180 °C
in an autoclave, CdS nanoparticles of 20-25 nm in diameter were generated in the COF
sheet matrix, that were distributed in the COF sheet matrix. By varying the initial COF
to Cd(OAc), ratio, composites with different COF to nanoparticle ratios were obtained,
ranging from a 50 : 50 mixture to a 99% CdS material.2’" For photocatalytic applications
of these hybrid materials, see Section 1.6.3.

A composite of the COF TpBpy (made from 2,2"-bipyridine-5,5'-diamine (Bpy) and
1,3,5-triformylphloroglucinol (TPG)) with Pd nanoparticles was synthesized by using
units of the Bpy linker that were pre-modified with PdCl,. The COF was formed upon
co-condensation with TPG, and the Pd(II) was reduced in situ during COF synthesis
to Pd(0) nanoparticles of 12 + 4 nm in diameter in the COF matrix.?%? Co.Ni,(OH),
nanoparticles were embedded in a nitrogen-rich COF made from tris(4-formylphenyl)amine
and 1,4-phenylenediamine by suspending the COF in a solution of NiCl,x6 H,O and/or
CoClyx6 HyO at different ratios and subsequent reduction of the metal species with
NaBH,. With this method, a variety of Ni : Co ratios was accessible with the metal
species being mainly the M*" species but indications for the presence of M° were also
found. The composites were applied as electrocatalyst for the oxygen evolution reaction
in water splitting.!46

The ketoenamine COF TpPa-1 decorated with magnetic Fe;O, nanoparticles was cre-
ated by adding TPG to NH,-surface functionalized Fe;O, particles (to yield an aldehyde-
terminated surface functionalization) and subsequent addition of TPG and PDA solution
to these particles. This synthesis resulted in a branched morphology of the TpPa-1 COF
with the Fe,O, particles located at the tips of the COF agglomerates.?™> Gao et al. re-
ported the immobilization of polymolybdic acid Hs[P(Mo3;0,,),] (PMA) in the 3D imine
COF-300 (from terephthalaldehyde and tetrakis(4-anilyl)methane). For this purpose, the
COF was stirred in a PMA solution for 24 h and washed subsequently. Mo contents of up
to 16% were reached. The material was tested as catalyst for several olefin epoxidation

reactions, but revealed a lower catalytic activity than bare PMA 2!

Polymers and salts in COFs. In the pores of a COF film (on a gold substrate) made
from DAAQ and TPG (DAAQ-TFP-COF), 3,4-ethylenedioxythiophene was electropoly-
merized via cyclic voltammetry. This polymer pore filling resulted in a significantly higher
cycling stability and current response of the COF film in cyclic voltammetry.2?® The ionic
liquid 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide was immobilized in
the 3D COF-320 (from 4,4’-biphenyldicarboxaldehyde and tetrakis(4-anilyl)methane) by
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mixing the two powders and subsequent heating to 90 °C. Embedded in the COF, the ionic
liquid underwent no phase transition in the temperature range from -160 to 190 °C.2?> The
phosphonium salt ethyldiphenyl(4-vinylphenyl)phosphonium bromide was polymerized in
the pores of TpBpy-COF (from TPG and 5,5'-diamino-2,2"-bipyridine) and the composite
was subsequently treated with Cu(OAc) to establish Cu moieties at the bipyridyl units.
The polymer was shown to have some flexibility in the COF pores, which was advantageous

for the application of the composite in catalysis (cycloaddition of epoxides and CO,).?"!

COF-matrix composites. COF/polymer hybrid membranes have been prepared by
casting a solution of COF and polymer mixture and subsequent evaporation of the sol-
vent. Biswal et al. prepared COF-polybenzimidazole hybrid membranes with the COFs
TpBD (from TPG and benzidine) and TpPa-1 (from TPG and 1,4-phenylenediamine),
respectively (Figure 1.31). The membranes were chemically stable and showed a high
gas permeability for H,, CO,, and CH,. With these membranes, they achieved high
hydrogen selectivities from gas mixtures, namely 82.7 for H, /N, (with TpBD(40%)QPBI-
Bul), up to 165.5 for H,/CH, (with TpPa-1(40%)@PBI-Bul), and 3.9 H,/CO, (with
TpBD(40%)@QPBI-Bul).2™

The two COFs NUS-2 (from TPG and hydrazine) and NUS-3 (from TPG and 2,5-
diethoxy-terephthalohydrazide) were first delaminated in a sonication step and subse-
quently mixed with the polymer Ultem, a poly(ether imide) or polybenzimidazole (PBI)
to fabricate flexible membranes. Thereby, gas permeabilities were increased compared to
the pristine polymers while the composites also featured improved gas selectivities. Specif-
ically, for NUS-2@PBI membranes, a remarkably high H,/CO, permselectivity of up to
31.4 under higher pressures (for 20 wt% NUS-2@PBI) could be achieved.?*”

In a different approach, CTF-1 (from 1,4-dicyanobenzene) was milled and sonicated to
yield delaminated separate COF sheets in a stable suspension in water. This suspension
was then mixed with a suspension of graphene oxide sheets in water and restacked by
filtration, yielding COF-graphene oxide mixed membranes that showed very high H, per-
meabilities and H,/CO, selectivities. For example, a membrane with an H, permeability
of 1.7 x 107 mol m? Pa~'s™! featured an H,/CO, selectivity of 17.4.313

TpPa-2 COF (made from 2 5-dimethyl-1,4-phenylenediamine and TPG) containing
mixed matrix membranes were prepared by mixing TpPa-2 with polysulfone, where a
COF content of only 0.2 wt% significantly improved the performance of the membranes
in removal of organic foulants from water, presumably due to the regular porous structure

of the COF .27
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Figure 1.31: A) Schematic representations of the synthesis of COFs and their packing
models indicating the pore aperture and stacking distances. B) Overview of the solution-
casting method for COF@QPBI-Bul hybrid membrane fabrication. C) Digital photographs
showing the flexibility of TpPa-1 and TpBD(50)@PBI-Bul hybrid membranes. Reproduced
with permission from ref. 270. Copyright 2016 John Wiley and Sons.

Another mixed matrix membrane was prepared from the azine linked COF ACOF-
1 (from TFB and hydrazine) with the polymer Matrimid® and utilized for CO,/CH,
separation. The mixed COF and polymer membrane featured a higher CO, permeability
than Matrimid alone.?! Mixed matrix membranes were also prepared from sulfonic acid
functionalized ketoenamine COFs COF NSU-9 (from TPG and 2,5-diaminobenzenesulfonic
acid) and NUS-10 (from TPG and 2,5-diaminobenzene-1,4-disulfonic acid) blended with
polyvinylidene fluoride for proton conduction (see Section 1.6.3 for details).?8?

A TpPa-1 COF blend with magnetic graphene (loaded with Fe) was used for the immo-
bilization of trypsin. For that, glutaraldehyde was covalently attached to the COF which
then featured aldehyde anchoring positions to covalently bind trypsin.?™ Methacrylate-
functionalized TpPa-1 was pre-synthesized (by reacting TPG with methacrylic anhydride
prior to COF synthesis) and then embedded in a polymethylmethacrylate matrix for chro-

matography, for details see Section 1.6.2)3%2
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Several composites intended as membranes have been reported in which a COF was
grown or attached as a coating on another functional material. For example, Lu et al.
reported the modification of a porous a-Al,O5 substrate with the 3D imine COF-320,
composed of tetrakis(4-anilyl)methane and 4,4’-biphenyldicarboxaldehyde. For this pur-
pose, 3-aminopropyltriethoxysilane and 4,4’-biphenyldicarboxaldehyde were first used to
establish an aldehyde functionalization at the Al,O, substrate. The COF synthesis reac-
tion was then performed under solvothermal conditions and created an ~ 4 pm thick COF
film on the Al,O4 substrate. This material was applied in gas permeation experiments
and showed moderate H, selectivities (2.5 for H,/CH, and 3.5 for H,/N,).?%4

A different approach was pursued by Li et al. They first synthesized COF-1 in a conven-
tional solvothermal synthesis and subsequently delaminated the COF sheets by sonication
in dichloromethane. A macroporous a-Al,O, substrate with a thin SiO,-ZrO, layer was
then coated with the COF sheets. With this method a very smooth and crack-free mem-
brane was produced that featured a very high H, permeability of 1 x 10 mol m? Pa=!s~!
but a low H,/N, selectivity of up to 4.2.5!

COF-MOF composite membranes were fabricated by Fu et al. by first growing
solvothermally a COF-300 film (made from tetrakis(4-anilyl)methane and terephthalalde-
hyde) on a polyaniline membrane and subsequently, solvothermally growing a film of the
MOF ZIF-8 or Zny(bdc)s(dabco) from MOF synthesis mother liquors. These hybrid mem-
branes showed excellent performance in gas separation. They featured H,/CO, selectivi-
ties of 12.6 for a [COF-300]-[Zn2(bdc)s(dabco)| composite and 13.5 for a [COF-300]-[ZIF-§]
composite.?!?

Using a sonochemical synthesis, Yoo et al. coated carbon nanotubes and graphene
flakes with COF-5. In CO,, adsorption experiments, the COF-5 coated carbon nanotubes
showed a higher CO, uptake of 1.42 wt% compared to bulk COF-5 (1.25 wt%). How-
ever, the CO, uptake was lowered in comparison to bare COF-5 when it was coated on
graphene.”” Recently the authors reported the use of COF coated carbon nanotubes for
trapping polysulfide species in lithium-sulfur batteries. In their study, they grew COF-5
and COF-1 solvothermally on carbon nanotubes. In the lithium sulfur batteries, the COF-
1 coated structures were placed between the sulfur cathode and a polyethylene separator
membrane and allowed for the enhanced deposition/dissolution of Li,S species, thereby
improving the performance of Li-S cells.** For more details see Section 1.6.4.

Amino-functionalized multi-wall carbon nanotubes were coated with COFtra-paTa

(from 4,4',4"-(1,3,5-triazine-2,4,6-triyl)trianiline and 2,5-dihydroxyterephthalaldehyde) in
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a solvothermal reaction. The resulting composite was investigated regarding its perfor-
mance as capacitive electrode material, see Section 1.6.4.1%

The ketoenamine COF TpBD (from TPG and benzidine) was used as a shell for Fe;O,
nanoparticles. This material was tested for its photothermal conversion efficiency in water,
for potential therapeutic applications. Upon irradiation with a 785 nm laser, the COF
coated particles featured a high photothermal conversion efficiency of 21.5%.2% Fe;0,
particles with a shell of TpBD COF were also applied in water purification (see Section
1.6.2).%% and Fe;O, particles with a shell of an imine-linked COF made from terephtha-
laldehyde and 1,3,5-tris(4-aminophenyl)benzene were applied in the enrichment of peptides
(see Section 1.6.2).188

Similarly, the ketoenamine COF TpPa-1 was solvothermally grown on Fe;O, nanopar-
ticles, which were then applied in glycopeptide enrichment.?”® Au nanoparticles of 15 nm
in diameter were coated with polyvinylpyrrolidone (PVP) to facilitate their encapsulation
into COF particles and subsequently introduced in a solvothermal COF synthesis of 1,3,5-
tris(4-aminophenyl)benzene and 2,5-dimethoxyterephthalaldehyde. With this strategy,
spherical COF particles containing one or more Au nanoparticles were obtained. This syn-
thesis pathway worked also well for PVP-modified 50 nm Au nanoparticles, Au nanorods
and 3.8 nm Pt nanoparticles.'” In another study, a nanofibrous imine-linked COF
from 2,6-dihydroxynaphthalene-1,5-dicarbaldehyde and 2,4,6-tris(aminophenyl)pyridine
was coated on graphene oxide.'™

Mullangi et al. utilized the highly hydrophobic character of two nitrogen-rich COFs
(IISERP-COF 2 from PDA and tris(4-formylphenyl)amine and IISERP-COF 4 (from TA
and TAPP) to prepare functional coatings. By coating the COFs on paper or cloth,
highly hydrophobic, thus self-cleaning materials were obtained.!*” The crystalline triazine
framework TriCF (from melamine and cyanuric chloride) was used as additive in poly-a-
olefin (PAO)-10 oil. The resulting oil blend featured an improved tribological performance
in steel-steel and steel-copper systems.3'

The numerous examples for the use of COFs serving as a component in composites
discussed in this chapter illustrate the advantages provided by COFs in combination with
other materials due to their regular, porous structure and their modular synthesis.This be-
comes particularly apparent in the fields of catalysis and membrane separations, especially

those based on single 2D COF sheets obtained by sonication.
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1.6 Properties and Applications

1.6.1 Storage and Separation of Gases

The gas storage and separation performance of COFs has been investigated for a broad
range of structures. Detailed reviews of this field are given by Kalidindi et al.?? for H,, and
by Zeng et al.33" for CO,. In the following, a selection of COFs with high storage capacities
is presented and trends as well as important factors influencing the gas storage capacities
are discussed. Hydrogen is an important alternative energy source for the ‘post-carbon’
future, especially for the replacement of conventional fuel in cars. For its application,
efficient storage methods are needed that offer high H, storage capacity and are based on
lightweight materials. Covalent organic frameworks with their regular porous structure
and large surface areas were seen as promising candidates, and thus hydrogen storage was
one of the first applications investigated with COFs.

Furukawa and Yaghi studied the gas sorption behavior of different 2D and 3D COFs
with boroxine and boronic ester linkages. They found very high values for the adsorption
of hydrogen at 77 K and 35 bar in the 3D structures COF-102 (72.4 mg ¢~!) and COF-103
(70.5 mg g~!), and substantially lower capacities for the 2D structures (14.8 mg g for
COF-1, 35.8 mg g~! for COF-5, 22.6 mg g~ ! for COF-6, 35.0 mg g~! for COF-8, and
39.2 mg ¢! for COF-10). Within the group of 2D COFs, the H, uptake did not linearly
increase with the pore volume when the pore diameter exceeded the microporous range,
an effect that was also found for methane storage, but not for CO,. Thus, micropores
were seen to be favorable for high hydrogen and methane storage capacity.33!

Two imine and boroxine dual linkage 3D COFs were synthesized by Li et al. from
1,3,5,7-tetraaminoadamantane with 4-formylphenylboronic acid (DL-COF-1) and 2-fluoro-
4-formylphenylboronic acid (DL-COF-2), respectively. These COFs exhibited high gas
sorption performance of 2.09 wt% of H, (at 77 K and 1 bar), 26.7 wt% of CO, (at 273 K
and 1 bar), and 2.57 wt% of CH, (at 273 K and 1 bar) for DL-COF-1 and 1.73 wt% of
H, (at 77 K and 1 bar), 21.8 wt% of CO, (at 273 K and 1 bar), and 2.10 wt% of CH, (at
273 K and 1 bar) for DL-COF-2.1™

The gas storage ability of COFs has also been addressed in several theoretical studies.
Particular attention has been focused on the introduction of metal species into the COF
for improved H, or CO, storage, using transition metals,?*? as well as Li, Na, K*3* and

Ca, 23335 with Li demonstrating to be a highly promising candidate.?36-338 The so-called
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spillover effect, in which the hydrogen molecule dissociates at the metal site followed by
migration of hydrogen atoms to the substrate (the COF), which results in chemisorption
of hydrogen, can substantially increase the hydrogen storage capacity of a porous material
and has been investigated thoroughly in theoretical investigations.339 343

Detailed discussions of theoretical gas sorption studies in COFs can be found in
Kaldindi et al., who reviewed the hydrogen storage prospects of COFs and their metal
composites,*” and in the review by Zeng et al. about CO, capture in COFs, mentioned
above.330

Doping of the azine COF AB-COF (made from hydrazine and 1,3,5-triformylbenzene)
with Zn enhanced the CO, uptake at 273 K from 3.38 mmol g~ (28 wt%) to 4.68 mmol
g1 (35 wt%), and with Li a value of 4.33 mmol g~ (35 wt%) was reached.??

A spiroborate COF obtained from diol-functionalized macrocycles and trimethylborate
features negative ionic centers. When Li" is introduced as the counterion in the COF,
high gas storage capacities can be observed for H, (3.11 wt% H, at 77 K and 1 bar) and
CH, (4.62 wt% CH, at 273 K and 1 bar).?® In contrast, a 3D boronic acid COF with
dehydrobenzoannulene units that can complex metals was modified with Ni to achieve
a COF with a high BET surface area of 4763 m?g~!, but without improvement of the
capacity or selectivity for ethylene and ethane upon metalation.!®

In a hydrothermal synthesis, ketoenamine COFs were synthesized that featured high
CO, storage capacities at 273 K and 1 bar (TpBpy: 73 cm®g™!, DAAQ: 82 cm?®g~! and
TpBD: 95 cm® g™!). The COF TpBpy also had a high H, storage capacity of 108 cm?®g™!
at 77 K and 1 bar.266

Among the imine-based COFs, very high CO,, capacities were found for the microporous
p-ketoenamine COF TpPa-1, prepared from TPG and PDA in a microwave reaction (21.8
wt% at 273 K and 1 bar)?®® and for COF-JLU2, also a microporous S-ketoenamine COF,
built from TPG and hydrazine that was able to store up to 21.7 wt% CO, at 273 K and
1 bar.?® Furthermore, this latter COF features a high H, storage capacity of 1.6 wt% at
77K and 1 bar.?® The mixed boroxine and imine COF NTU-COF-2 from the building
blocks HHTP, 4-formylphenylboronic acid and 1,3,5-tris(4-aminophenyl)benzene features
a high H, uptake of 1.55 wt% at 77 K and 1 bar but only a moderate CO, capacity of
10.2 wt% at 273 K and 1.0 bar.!™

The “brick-wall” COF from PDA and 4,4',4"-(1H-benzo|[d]imidazole-2,4,7-
triyl)tribenzaldehyde reported by Cai et al. features a CO, capacity of 3.95 wt%
at 273 K and of 40.43 wt% at 195 K, due to the nitrogen-rich COF backbone.'®® COFs
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with ETTA as linker showed very high CO, (273 K, 1 bar) and H, (77 K, 1 bar)
capacities of 19.8 wt% and 1.66 wt% for SIOC-COF-5 (from ETTA and [1,1’-biphenyl]-
3,3',5,5-tetracarbaldehyde) and 13.9 wt% and 1.79 wt% for SIOC-COF-6 (from ETTA
and 4,4’,4” 4" ([1,1"-biphenyl]-4,4’-diylbis(azanetriyl))tetrabenzaldehyde), respectively.?34
Zhai et al. observed an increased CO, uptake with an increasing fraction of triarylamine
units in a series of imine COFs, with the highest values for a COF made only from
triarylamine core bulding blocks (TFPA-TAPA-COF from tris(4-formylphenyl)amine and
tris(4-aminophenyl)amine, 5.2 and 10.5 wt% at 1 bar and 298 and 273 K, respectively).

For frameworks where only one of the two components featured a triarylamine core,
lower CO, capacities were found (BTMA-TAPA-COF from tris(4-aminophenyl)amine
and 4,4'.4"-boranetriyltris(2,3,5,6,-tetramethylbenzaldehyde); 4.5 and 84 wt% at
298 and 273 K; TFPA-TAPB-COF from tris(4-formylphenyl)amine and 1,3,5-tris(4-
aminophenyl)benzene; 3.3 and 6.1 wt% at 1 bar and 298 and 273 K, respectively). The
triarylamine-free COF TFPB-TAPB-COF (from 1,3,5-tris(4-aminophenyl)benzene and
1,3,5-tris(4-formylphenyl)benzene) showed the lowest capacities (1.2 wt% at 298 K and 2.0
wt% at 273 K).!*® Incorporation of the 4,7-diaminobenzo[1,2,5|thiadiazole unit into the
structure of COF-LZU-1 (made with 1,3,5-triformylbenzene and 1,4-phenylenediamine)
yielded the TH-COF-1 with a drastically increased CO, capacity at 1 bar of 12.8 wt% and
9.7 wt% at 273 and 298 K, respectively (COF-LZU-1: 4.7 wt% and 4.2 wt%).1%

Benzobisoxazole-linked COFs featured a high CO, uptake with 15.1 wt% at 273 K
and 1.2 bar for the COF BBO-COF-1 from TFB and 2,5-diamino-1,4-benzenediol di-
hydrochloride. When the larger aldehyde linker 1,3,5-tris(4-formylphenyl)benzene was
used, a higher BET surface area was reached, but the CO, capacity was only 112.3 mg
g~ !, showing the benefit of a higher nitrogen density in the framework with a smaller
aldehyde linker.3!” The ionic benzimidazolium units in the COF PyTTA-BFBIm-iCOF,
synthesized from the building blocks 4,4',4” 4" -(pyrene-1,3,6,8-tetrayl)tetraaniline and 5,6-
bis(4-formylbenzyl)-1,3-dimethyl-benzimidazolium bromide, drastically increased the CO,
capacity of this COF to reach 93 and 177 mg g~ ! at 1 bar and 298 and 273 K, respectively.
In comparison, a COF lacking the ionic sites only reached capacities of 36 mg g=* at 298
K and 65 mg g~! at 273 K and 1 bar.??

Postsynthetic modification can influence the CO, capacity but the effect depends
greatly on the respective functionalization. For example, Jiang and coworkers synthesized
a COF from a phthalocyanine amine and terephthalaldehyde and a COF series in which the
unfunctionalized aldehyde was mixed with 2,5-dihydroxyterephthalaldehyde. Upon post-
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synthetic modification of the OH groups with succinic anhydride, the channel walls were
decorated with COOH groups. This introduction of COOH functional groups increased
the CO, capacity for all members of the series. Most drastically, while the CO, capacity
was only 3.5 wt% at 298 K for the 100% OH functionalized COF (Sgpr = 1284 m? g™1), it
increased up to 7.6 wt% at 298 K for a 100% COOH functionalized COF that has a BET
surface area of only 364 m?g—1.213

A high degree of pore functionalization can also reduce the CO, capacity if the decrease
in porosity overrides the effect of enhanced interactions of the newly introduced groups
with CO,. Postsynthetic modification of the COF described above (from a phthalocyanine
amine and terephthalaldehyde mixed with 2,5-dihydroxyterephthalaldehyde) with the acyl
chloride 4-phenylazobenzoyl chloride led to a remarkable CO, storage capacity of 20.7 wt%
at 273 K and 11.5 wt% at 298 K and 1 bar in a COF that featured 25% modification, while
higher amounts of functionalization decreased again the capacity. Similarly, the CO,/N,
selectivity in this COF series was at maximum for 25% modification (78 and 111 at 1 bar
and 273 and 298 K, respectively).324

The same trend was observed in a structural COF series, similar to the one described
above, but with 2,5-bis(2-propynyloxy)terephthalaldehyde as a linker, which was later
functionalized with azide compounds with different substituents. Functionalization with
MeOAc, AcOH, EtOH, and EtNH, was performed and the maximum CO, capacity was
found at 50% functionalization in all cases (Figure 1.32).%2

This example also illustrates that the CO, capacity is typically increased for structures
that allow for specific interactions and not only dependent on the BET surface area,
because of the capability of nitrogen and oxygen to engage in strong dipole-quadrupole
interactions with CO,.

This structure-property trend was also validated for N2-COF (from TPB and ben-
zidine) and N3-COF from TPB and 2.4,6-tris(4-aminophenyl)-1,3,5-triazine, whose gas
sorption ability was investigated by Bai et al. While the N2-COF had a higher BET sur-
face area than the N3-COF (1496 m? g=! vs. 1142 m? g~ !, its CO, capacity was lower (92
cm?® g~ compared to 101 cm?® g™ for the N3-COF).13?

An important property of porous materials closely related to the capacity for CO,
is their selectivity in the adsorption of CO, from gas mixtures. This property plays
a major role in Carbon Capture and Sequestration (CCS) that is done either as post-
combustion CO, capture in power plants or via direct sequestration from the air. On the

other hand, a high CO,/H, selectivity enables the use as a pre-combustion absorbent for
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Figure 1.32: Synthesis and functionalization of HyP-COFs, carbon dioxide adsorption
capacity of the COFs at 273 (red) and 298 K (blue) and 1 bar, respectively. Adapted with
permission from ref. 220. Copyright 2015 American Chemical Society.

CO,. Moreover, pressure swing adsorption on porous solids is one of the main techniques in
industrial methane enrichment for biogas production. Thereby, a high CO,/CH, selectivity
is desired.?** The above separation tasks have been studied for a range of COFs.
Incorporation of functional polar groups increases the CO, uptake in COFs, as de-
scribed above, and similarly, it increases the CO, selectivity in CO,/N, mixtures. Ac-
cordingly, enhanced selectivity was found for the aforementioned COF-JLU2, made from
1,3,5-triformylphloroglucinol and hydrazine hydrate (77, determined on the basis of ini-
tial slope calculations in the pressure range of 0 to 0.1 bar)?® and for the 100% COOH
functionalization of [HO,C]100%-H,P-COF, made from phthalocyanine amine and tereph-
thalaldehyde mixed with 2,5-dihydroxyterephthalaldehyde and subsequent modification
with succinic anhydride (77 determined from ideal adsorbed solution theory (IAST) with
CO,/N, (15 : 85 v/v) at 298 K and 1 bar).?!> The CO,/N, selectivity of the brick wall
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COF (from PDA and 4,4',4”-(1H-benzo[d]|imidazole-2,4,7-triyl)tribenzaldehyde was 68 at
273 K.158

High methane uptake was measured (at 273 K and 1 bar) for ACOF-1 (an azine COF
built from TFB and hydrazine), with 1.15 wt%,?? and Hex-COF-1 (from an hexaphenyl-
benzene aldehyde linker and hydrazine) with 2.3 wt%.%*® The aforementioned framework
COF-JLU2, built from TPG and hydrazine showed an even higher methane storage ca-
pacity of 3.8 wt% at 273 K and 1 bar.

Compared to the above nitrogen-containing COFs, the methane capacity in 2D boron-
based COFs was lower (0.59 wt% for CoPc-BPDA COF, built from 4,4’-biphenylboronic
acid and a copper phthalocyanine linker),!% but comparable to ACOF-1 for TD-COF-5
(a boronic ester COF derived from 1,4-benzenediboronic acid and hexahydroxytriptycene)
with 1.07 wt%. It was reasoned that due to the triptycene units in TD-COF-5, the boronic
ester groups are not stacked in flat sheets but point to the pore surface which allows for
better interactions with guest molecules.”® COF TpAzo (from TPG and 4,4’-azodianiline)
features an azo group in the linear linker. It has a relatively large BET surface area for
a TPG-containing COF (1286 m? g~!) and good gas storage and separation properties. It
showed a high methane uptake of 1.12 wt% at 1 bar and 273 K, but also a high selectivity
for CO,/N, (127) and CO,/CH, (39) at 273 K, demonstrating the effect of both high
microporosity for gas sorption and azo groups for CO,, separation tasks, respectively.??*

The imide-linked PI COF (with the building blocks pyromelitic dianhydride and tris(4-
aminophenyl)amine was tested as adsorbent for SO,. It was able to store up to 41 wt%
S0, at 298 K and 1 bar. Incorporation of the truncating monofunctional building block
4-[(dimethylamino)methyl]aniline resulted in a distinct decrease of BET surface area, but
only a slightly reduced SO, sorption capacity, indicating a favorable interaction of the
dimethylamino groups of the truncated sites with SO.,,.3%

The dual-pore COF SIOC-COF-7 (from 4,4”-bis(4-formylphenyl)amino)-[1,1":4’,1"-
terphenyl]2’ 5'-dicarbaldehyde and 1,4-phenylenediamine) was found to grow as hollow
spheres in a conventional solvothermal synthesis route and tested for iodine vapor sorp-
tion. The COF particles were able to adsorb as much as 481 wt% of iodine at 348 K and
1 bar, with a large fraction of the capacity being attributed to the filling of the inner void
of the hollow spheres (Figure 1.33). Similarly, when a solution of iodine in hexane was

applied, the COF spheres adsorbed the iodine from the solution with a capacity of 127

wt%.170
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Figure 1.33: (a) Gravimetric uptake of iodine in SIOC-COF-7 hollow microspheres as
a function of time at 75 °C. (b) Illustration of iodine capture in the spherical COF.
Reproduced from ref. 170 with permission of The Royal Society of Chemistry.

A high separation selectivity for propane and C, hydrocarbons over CH,
was found for the microporous 3D boronic ester COF made from tetrakis(4-
dihydroxyborylphenyl)methane and 1,2,4,5-tetrahydroxybenzene.%

The storage capacity and separation performance for CH, and C,Hy in a series of
nitrogen-rich COFs derived from the co-condensation of TFB with the amines tris(4-
aminophenyl)amine (N-COF), 1,3,5-tris(4-aminophenyl)benzene (P-COF), and TAPP (T-
COF) was investigated.

T-COF showed the highest uptakes (at 298 K and 1 bar) (5.31 mmol g~ C,Hy and
0.78 mmol g~! CH,) in agreement with its higher BET surface area of 1149 m?g~! (N-
COF: 692 m?g~!, CH, uptake 0.63 mmol g~!, C,Hy uptake 3.09 mmol g=') (P-COF: 435
m?g~!, CH, uptake 0.36 mmol g~!, C,H, uptake 2.64 mmol g™ !).

In contrast, the C,Hy/CH, adsorption selectivity from an equimolar mixture of these

two gases was found to be highest for N-COF with a selectivity of 18.8 (P-COF 12.1,
T-COF 10.0).11°
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A range of COFs was used as a component for the preparation of membranes that
were afterwards applied in separation tasks. A detailed description of these membranes
including their performance is given in Section 1.5.3.4.

Ketoenamine COFs prepared by the ‘terracotta process’ described in Section 1.5.2.3
were tested for applications in water sorption for dehumidification tasks. They featured
high water capacities at 298 K and 1 bar of 52 wt% (649 cm®g™!), 49 wt% (608 cm®g™1),
and 61 wt% (756 cm®g™!) for TpPa-1, TpAzo, and TpBD, respectively. The highest
uptake was achieved for the COF TpBpy from the building blocks TPG and a bipyridyl
amine with 78 wt% (974 cm?g™1).26" These values were higher than for solvothermally-
synthesized ketoenamine COFs (549 cm®g~! for TpPa-1, 508 cm®g~! for TpAzo, 181
cm?® g~! for TpBD).!? and the azine-linked AB-COF (41 wt%).%5?

The ketoenamine COF TpBD was prepared as coating in a gas chromatography capil-
lary column in a room temperature synthesis. With this coating, separation of a range of
small organic molecules including octane and nonane and a-pinene/S-pinene was achieved

284 Separation of enantiomers was achieved by using chiral ketoe-

with high resolution.
namine COFs obtained from a TPG linker, modified with chiral (4)-diacetyl-L-tartaric
anhydride and linear amines. The COFs were able to separate racemic mixtures of com-
pounds like (+)limonene, (4)-1-phenyl-1-propanol or (£)-methyl lactate with large sepa-

ration factors and high resolution.3%3

1.6.2 Storage and Separation from Solution

The large pore sizes of COFs make them suitable for the sorption and separation of larger
molecules from solution, a field of application that has ecently attracted increasing at-
tention. Niu et al. applied the COF-LZU-1 (from PDA and TFB) in electrochromatog-
raphy. They first modified a fused silica chromatography column with glycidoxypropy-
Itrimethoxysilane as anchoring moiety and subsequently prepared a layer of COF-LZU-1.
The capillary was able to separate benzene and several alkylbenzenes with a high repro-
ducibility. Separations of mixtures of polyaromatic hydrocarbons or aniline derivatives
were also demonstrated.®!

In a similar way, Bao et al. utilized COF-5 as the stationary phase in electrochro-
matography. They modified a fused silica chromatography column with polydopamine

anchoring groups and a thin layer of COF-5 as the stationary phase. This column was

successfully applied in electrochromatographic separation of methylbenzenes, naphtha-
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lene, and 4-methylbiphenyl. For the latter two compounds, peak tailing was observed that
indicated strong m-m-interactions of these analytes with the COF-5 stationary phase.”™

We recently reported the postsynthetic reduction of NO, groups to the primary
amines in the COF TpBD(NOy),, synthesized in the co-condensation of TPG and 3,3'-
dinitrobenzidine. Subsequently, these NH,-groups were further modified with acetic anhy-
dride to yield the corresponding amides. As ketoenamine COFs are very stable in acidic
environments, they could be applied for the task of lactic acid adsorption from aqueous
solution. Here, the amino-functionalized COF, TpBD(NH;), showed the highest lactic
acid capacity and a high uptake of up to 6.6 wt% was achieved (Figure 1.34).28

The task of dye removal from solution was addressed with the imide-linked COF TS-
COF-1 (from pyromellitic dianhydride and 1,3,5-tris(4-aminophenyl)triazine). It showed
an exceptionally high capacity of 169 wt% for the adsorption of methylene blue dye. This
was attributed to the combination of the high density of heteroatoms in the pore walls,
the high high BET surface area of 1484 m? g~! and the large pore volume (pore diameter
of 3.3 nm).3"

TpPa-2 COF /polysulfone mixed matrix membranes were applied for water purification
and showed a retention of organic foulants of over 90%.2"® The ketoenamine COFs TpBD
(from benzidine and TPG) and TpTD (from terphenyl amine and TPG) were prepared
as self-standing membranes (see section on mechanochemical synthesis). They showed
high permeance for various solvents and were applied for the removal of dyes from wa-
ter, the removal of drugs from various solvents, and the removal of bacteria from water,
respectively.?®3

A TpPa-1 COF and Fe;O, nanoparticles composite in which the magnetic particles
are located at the tips of branched COF agglomerates showed good performance in the
removal of polyaromatic hydrocarbons from aqueous solution, probably due to the low
density of the branched composite structure.?”

Fe,;O, nanoparticles with a shell of the ketoenamine COF TpBD (from TPG and benzi-
dine) were applied in the removal of bisphenol A and bisphenol AF from aqueous solution.
It was found that the composite features high capacities of 160.6 and 237.7 mg g~! for
bisphenol A and bisphenol AF, respectively. Fast desorption of the guest molecules in

ethanol and reusability of the particles was also demonstrated.?®
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Figure 1.34: Lactic acid adsorption isotherms from aqueous solutions at natural pH (top)
and detail of the low concentration range and linear fit (bottom) of the lactic acid ad-
sorption isotherms of TpBD(NO,), (red), TpBD(NH,), (blue) and TpBD(NHCOCH,),
(green). Reprinted with permission of the American Chemical Society from ref. 288.
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The cationic COF PyTTA-BFBIm-iCOF, (from 4,4',4" 4" (pyrene-1,3,6,8-
tetrayl)tetraaniline and 5,6-bis(4-formylbenzyl)-1,3-dimethyl-benzimidazolium bromide)
showed to be a highly efficient scaffold for the removal of methyl orange from an
ethanol /water mixture with a capacity as high as 553 mg g~!.226

Mercury species were efficiently removed from aqueous solution by an imine
COF made from 1,3,5-tris(4-aminophenyl)benzene and a methylthio-functionalized 1,4-
phenylenediamine. The capacity of the COF for Hg(II) was remarkably high with 734
mg g~ !, which corresponds to 76% accessible methyl sulfide groups. It also featured a
high adsorption rate constant of 6.31 gmg ! min~! and was stable and usable at low pH
conditions.*”

Similarly the sulfur groups in the imine COF-V (from 2,5-divinylterephthalaldehyde
and 1,3,5-tris(4-aminophenyl)benzene), which was postsynthetically modified with 1,2-
ethanedithiol via thiol-ene ‘click’ reaction with the vinyl groups of the COF, were applied
for mercury removal. The Hg?t uptake capacity of this COF was even higher with 1350
mg g~ (863 mg g~! for Hg”) and an initial adsorption rate for Hg®" as high as 143 mg
g~ min~'. Selectivity investigations revealed a high affinity of the COF for Hg*", Pb**,
and Cu®" in the presence of Ca®", Mg?", Zn?>", and Na*. Modification with benzene-1,4-
dithiol or ethanethiol resulted in COF structures with lower performance in Hg?" removal,
supposedly due to a less effective complexation of the mercury in these structures.!®

Ti*"-modified TpPa-2 COF was utilized in phosphopeptide enrichment. Here, the Ti*"-
ions were introduced into the COF by immersing the COF in a solution of Ti(SO,),. TpPa-
2-Ti** selectively adsorbed phosphopeptides in the presence of non-phosphopeptides.™
Lin et al. decorated Fe;O, nanoparticles with a COF shell by co-condensing terephtha-
laldehyde and 1,3,5-tris(4-aminophenyl)benzene. These coated nanoparticles easily aggre-
gated from a dispersion when a magnet was used. They were applied in peptide separation
and showed the selective adsorption of peptides in the presence of proteins.'®®

Similarly, Fe;O,@TpPa-1 was successfully used for the hydrophilic enrichment of N-
glycopeptides from standard glycoproteins and human serum digests. This was attributed
to the hydrophilic and nitrogen-rich character of the COF and the presence of amino
groups.?”® A methacrylate-functionalized TpPa-1 in a polymethylmethacrylate matrix was
employed in high-performance liquid chromatography (HPLC) for the separation of small
molecules with improved performance compared to a methacrylate only column. For
molecules larger than the COF pores, no retention was observed, indicating a size exclusion

effect in the separation.3??



96 1. Covalent Organic Frameworks: Structures, Synthesis and Applications

1.6.3 Catalysis

The regular pore channels in COFs assembled from molecular building blocks represent de-
fined compartments that have attracted much attention for applications in heterogeneous
catalysis. Thereby the COF walls have been used directly, or they have been utilized as
coordination sites for metal species, thus establishing a well-defined environment for the

metals and their efficient spatial distribution.

Metal-loaded COFs. Ding et al. were the first to incorporate metal moieties for catalysis
in COFs. They coordinated Pd-species from Pd(OAc), to the nitrogen atoms in the imine-
linked COF-LZU1. The resulting Pd-loaded COF PdQCOF-LZU1 catalyzed the Suzuki-
Miyaura coupling reaction of phenylboronic acid with several halides in high yields. The
catalyst activity was retained in repeated cycles, however, the COFs crystallinity degraded
in the first cycles.!?¢

Incorporating palladium acetate in COF-SDU1, built from tris(4-formacylphenoxy)-
1,3,5-triazine and 1,4-phenylenediamine, a heterogeneous catalyst for the one-pot cross
coupling of phenylsilane with 4-iodotoluene was obtained. It showed good yields also with
derivates of 4-iodotoluene, and good recyclability while the crystalline structure of the
COF was maintained after 4 cycles.'®® Moreover, a Pd(OAc), functionalized imine COF
containing porphyrin units was utilized as a catalyst for Suzuki coupling.???

A catalyst formed by the combined complexation of Pd(OAc), and MnCl,x2H,0 in
Py-2,2-BPyPh COF (from 4,4’,4” 4”-(pyrene-1,3,6,8-tetrayl) tetraaniline (PyTTA) and
2,2'-bipyridine-5,5"-dicarbaldehyde (2,2'-BPyDCA)) was shown to catalyze the combina-
tion of the Heck reaction between iodobenzene and styrene to form trans-stilbene and a
subsequent epoxidation to trans-stilbene oxide.!64

Likewise, Pd(OAc), and chloro(1,5-cyclooctadiene)rhodium(I) were used in an imine
COF (from PyTTA and a mixture of 2,2'-BPyDCA and 4,4’-biphenyldialdehyde) for a two-
step synthesis of the Rh(I) catalyzed addition of phenylboronic acid to benzaldehyde to
yield diphenylmethanol, and its subsequent Pd(IT) catalyzed oxidation to benzophenone.?*”
The epoxidation of olefins was performed with molybdenyl acetylacetonate (MoO,(acac),)
complexed in a hydrazone-linked COF made from 1,3,5-triformylphloroglucinol and 1,4-
dicarbonyl-phenyl-dihydrazide.?4®

Salen-COF (made from 1,3,5-tris[(5-tert-butyl-3-formyl-4-hydroxyphenyl)ethynyl|-
benzene and 1,2-ethylenediamine) was complexed with Co*"-ions and showed good cat-

alytic activity for the Henry reaction, the C-C bond formation of a nitroalkane with an



1.6 Properties and Applications 97

aldehyde or ketone in the presence of a base.!®® Pachfule et al. created metal nanopar-
ticles in situ in the pores of the [-ketoenamine COF TpPa-1, synthesized from 1,3,5-
triformylphloroglucinol and 1,4-phenylenediamine.

The Pd nanoparticle/COF hybrid structure Pd(0)@TpPa-1 catalyzed the Sonogashira
coupling, Heck reactions, and a one-pot sequential Heck-Sonogashira reaction. Further-
more, the authors found that the Pd(OAc), loaded COF TpPa-1 served as an activat-
ing agent for the intramolecular oxidative coupling of diphenylamine to 9H-carbazole.?64
Similarly, the Pd(0) nanoparticle loaded COF TpBpy (from TPG and 2,2’-bipyridine-
5,5’-diamine) was found to catalyze the tandem synthesis of 2-substituted benzofuranes

292 The Au nanoparticles in the

from terminal alkynes and 2-bromophenols in high yields.
hybrid Au(0)@QTpPa-1 structure showed high performance in the catalytic reduction of
nitrophenol with NaBH, (Figure 1.35).263

The same reaction was investigated with Au nanoparticles embedded in spher-
ical shells of an imine COF made from 1,3,5-tris(4-aminophenyl)benzene and 2,5-
dimethoxyterephthalaldehyde. It was found that the size, shape, and loading of the Au
nanoparticles were important factors determining the catalytic performance of the system
and that composites with higher loadings and a better surface-to-volume ratio of the gold
nanoparticles showed higher conversion efficiencies.!?

Furthermore, an imine COF constructed from Co-porphyrin amine and terephthalalde-
hyde was used for electrochemical CO, reduction in water. The conversion could be con-
siderably enhanced by replacing the monophenyl linker with a biphenyl and by replacing
90-99% of the Co-ions with Cu.2%®

Co-ions were complexed by bipyridyl linkers in a ketoenamine COF and could be used
more than 1000 times as electrocatalyst for the oxygen evolution reaction (OER) in the
electrochemical water-splitting reaction, which ran with a turnover frequency of 0.23 s=*
at an overpotential of 400 mV.?* In a related study, tris(4-formylphenyl)amine was co-
condensed with PDA to obtain an N-rich COF that served as a scaffold for Co,Niy(OH),
nanoparticles. This composite material was used in electrocatalytic water splitting and

2 and

showed a remarkably low overpotential for the OER of only 258 mV at 10 mA cm™
a turnover frequency of 0.19 s~! at an overpotential of 408 mV.!46

Seo et al. coated HOPG with the Fe-DhaTph-COF (from from 2,3-dihydroxybenzene-
1,4-dicarbaldehyde and 5,10,15,20-tetrakis(4-aminophenyl)porphyrin pre- or postsyntheti-
cally modified with Fe(III)) via dip-coating or drop-casting. In the oxidation of the HOPG

with H,O, or H,0,/NaOC], the Fe(IIl)-porphyrine units acted as catalyst to accelerate
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Figure 1.35: Synthesis of the Au(0)@QTpPa-1 catalyst using the solution infiltration
method for nitrophenol reduction reaction. Inset image: the optical images of the color
change observed for the conversion of 4-nitrophenol to 4-aminophenol after the addition
of Au(0)@TpPa-1. Reproduced from ref. 263 with permission of The Royal Society of
Chemistry.

the oxidation at distinct spots of the HOPG. This way, after an additional exfoliation
step, holey graphene with holes in the nanometer range was obtained.?'® By immersing
the 3D imine COF-300 (made from tetrakis(4-anilyl)methane and terephthalaldehyde) in
a solution of 12-phosphomolybdic acid, Gao et al. obtained a catalyst in the epoxidation
of olefins such as cyclooctene with t-BuOOH.?!!

A composite of the COF TpBpy with polymeric phosphonium salt made from
ethyldiphenyl(4-vinylphenyl)phosphonium bromide (bearing catalytically active bromide
ions) and Cu moieties from Cu(OAc), (for preparation see Section 1.5.3.4) in the pores
was tested as a catalyst in the cycloaddition of various epoxides and CO,. Highest yields
were obtained for a COF that featured both the polymer and the Cu moieties, compared

to composites with one component missing or with monomeric phosphonium salt in the
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pores. This was attributed to the benefit of flexible catalytic polymer that brings the
bromide ions in close proximity to the active Cu sites of the COF.2!

Nandi et al. formed NizN nanoparticles in a benzimidazole-linked COF prepared by
the co-condensation of TPG and 3,3-'diaminobenzidine. To establish the nanoparticles,
the COF was mixed with nickel acetate and the mixture was ground with urea followed
by heating at 350 °C in air. The turnover frequency for this electrocatalyst for the the
oxygen evolution reaction was determined to be as high as 0.52 s~! at an overpotential of
300 mV. Conductivity measurements with the pristine COF and the Ni;N-COF composite
revealed an increase in conductivity by several orders of magnitude upon incorporation

of Ni;N, which was attributed to bandgap-narrowing electronic interactions between the

nanoparticles and the COF scaffold.?8

COFs as organocatalysts. In contrast to serving as well-defined porous host for post-
synthetically introduced metal species, the frameworks of COFs themselves have also been
successfully applied as catalysts. Fang et al. synthesized the 3D COFs BF-COF-1 and BF-
COF-2 from 1,3,5,7-aminoadamantane with TFB and TPG, respectively. The COFs were
applied in Knoevenagel condensation reactions of aldehydes with malonitrile and showed
excellent size selectivity. While benzaldehyde was converted to more then 95%, only 3-4%
were reached with 4-methylbenzaldehyde.'?> The Knoevenagel condensation of aromatic
aldehydes with malonitrile was also catalyzed by the 3D COF LZU-301 (from tetrakis(4-
anilyl)methane and (3,3-bipyridine)-6,6'-dicarbaldehyde). It showed high yields but less
size selectivity than BF-COF-1 and BF-COF-2.1%1

Jiang and coworkers synthesized a tetragonal imine COF (from 5,10,15,20-tetrakis(4’-
tetraphenylamino)porphyrin and a mixture of 2,5-bis(2-propynyloxy)terephthalaldehyde
and 2 5-dihydroxyterephthalaldehyde) with porphyrin units in the corners and reactive
ethynyl units at the edges. Employing the postsynthetic click reaction of these ethynyl
groups with pyrrolidine azide, catalytically active moieties were established in the pores.
The modified COF catalyzed the Michael addition reaction of nitrostyrenes with aldehydes,
although the enantiomeric excess was low.2!Y

Developing the system further, this issue could be overcome by applying
the same postsynthetic reaction to a hexagonal imine COF made from 2,5-
bis(2-propynyloxy)terephthalaldehyde, 2,5-dimethoxyterephthalaldehyde and 1,3,5-tris(4-
aminophenyl)benzene. The concentration of pyrrolidine units in the COF was controlled
by using different amounts of the alkyne-functionalized linker in the initial COF synthesis.

These COFs catalyzed the Michael addition of cyclohexanone and S-nitrostyrene deriva-
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tives efficiently and with a high enantiomeric excess, and the reaction was faster when a
COF with a low pyrrolidine content was used.'®®

The anthracene units in an anthracene pyrene imine-linked COF (made from 1,3,6,8-
tetrakis(p-formylphenyl)pyrene and 2,6-diaminoanthracene) catalyzed the Diels-Alder re-
action of 9-hydroxymethylanthracene and N-substituted maleimides at 25°C.162 A ketoe-
namine COF (made from 1,3,5-triformylphloroglucinol and 2,5-diaminobenzenesulfonic
acid) with sulfonic acid groups at the COFs pore walls was applied as catalyst in the
dehydration of fructose and showed good chemoselectivity, and the COF maintained its
catalytic activity in several recycling steps although it quickly lost its crystallinity, sup-
posedly due to delamination.?8°

The postsynthetic introduction of (2-bromoethyl)triethylammonium bromide ionic lig-
uid created charges at the walls of an imine-linked COF (made from 4,4’,4” 4""-(pyrene-
1,3,6,8-tetrayl)tetraaniline and a mixture of 2,5-dihydroxyterephthalaldehyde and tereph-
thalaldehyde). This COF was found to catalyze the N-formylation of amines with CO,
and PhSiH by activating both PhSiH and the amines.32

Shinde et al. designed an imine-linked COF (made from 2,3-dihydroxyterephthal-
aldehyde and 5,10,15,20-tetrakis(4-aminophenyl)porphyrin) with porphyrin units at the
vertices and catecholic -OH groups at the edges. In a catalyzed reaction the porphyrins
and the imines could act as weak basic sites whereas the catechol groups could act as weak
acidic sites. With this COF, the cascade reaction of benzaldehydedimethylacetales with
malononitrile could be performed in high yields (Figure 1.36).217

The same reaction was also catalyzed by the acidic and basic sites in a dual- link-
age imine and boroxine 3D COF composed of 1,3,5 7-tetraaminoadamantane and 4-
formylphenylboronic acid or 2-fluoro-4-formylphenylboronic acid with the boroxine groups
acting as acid sites. Moreover, the cascade reaction was also performed by replac-
ing malononitrile with ethyl cyanoacetate or acetylacetone (producing ethyl trans-a-
cyanocinnamate and 3-benzylidene-2 4-pentanedione, respectively), with yields above 90%
in all cases.'™

The cycloaddition of CO, and epoxides was performed with a porphyrin
imine COF (made from 2,3-dihydroxyterephthalaldehyde and 5,10,15,20-tetrakis(4-
aminophenyl)porphyrin) with OH-functional groups at the amine linker serving as cat-

alytic centers. An analogous methoxy-functionalized COF that was examined as a com-

parison was also catalytically active, although with lower yields and turnover numbers.
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The -OH functionalized COF also featured a high regioselectivity in the catalysis of the

216

cycloaddition of CO, to aziridines.

1a: R=H
1b: R=3-CH,
1c: R=4-CH,
1d: R=NO,

1e: R=0CH,

10.2A

Figure 1.36: The cascade reaction of benzaldehydedimethylacetals with malononitrile with
various reactants. Adapted from ref. 217 with permission of The Royal Society of Chem-
istry.

Chiral COFs. Recently, first chiral COF structures have been introduced, and some
have been investigated for their performance in chiral catalysis. The chiral building unit
tetraaryl-1,3-dioxolane-4,5-dimethanol (TADDOL) was introduced by Wang et al. in alde-
hyde linkers to form homochiral imine COFs by co-condensing the TADDOL units with
4,4'-diaminodiphenylmethane. These COFs have been applied in the enantiopure addition
of Et,Zn to aromatic aldehydes. In the first step, Ti(OiPr), was introduced into the COF
network to form (TADDOLate)Ti(OiPr), in the COFs. These compounds served as effi-
cient catalysts, converting aromatic aldehydes to aromatic alcohols in high yield and at
high enantiomeric excess.?

Xu et al. built a homochiral COF by introducing the linear amine (S)-4,4’-(2-
(pyrrolidin-2-y1)-1 H-benzo[d]imidazole-4,7-diyl)dianiline as a chiral building block into a
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ketoenamine COF to serve as a catalyst for the asymmetric aldol reaction with various

aldehydes. The COF showed good yields and high enantiomeric excess.!?3

COFs in photocatalysis. To date, only few COF structures have been applied in
photocatalysis. Stegbauer et al. synthesized a hydrazine-linked COF from 1,3,5-tris(4-
formylphenyl)triazine and 2,5-diethoxy-terephthalohydrazide. In the presence of Pt (in-
troduced as H,PtCly and reduced in situ) and sodium ascorbate or triethanolamine as
sacrificial donor, it showed hydrogen evolution from water upon irradiaion with visible
light, but also amorphization of the COF due to delamination.?** Azine-linked COFs with
triphenylarene units having different nitrogen substitutions in the central ring were de-
veloped by the same group. These COFs were stable under the photocatalytic hydrogen
production conditions and revealed an increasing performance with a higher number of
nitrogen atoms present in the central aryl ring, with the highest hydrogen evolution rate

of 1703 pmol h~! g~! for N3-COF (Figures 1.37 and 1.38).2%3

g
X‘ =Y
g
. e ad 5
SP H,N-NH, @ ‘3\
Ny-COF : X =Y =2Z=C-H (@AJ\QV KQ/UOw\
N,-COF:X=Y=C-H;Z=N | @de
Ny-COF :X=C-H;Y=2Z=N

N,-COF:X=Y=2Z=N

S,

Figure 1.37: Scheme of the synthesis of N,-COFs from Ny-aldehydes
and  hydrazine. Adapted from ref. 253. CC-BY 4.0 licence
(https://creativecommons.org/licenses/by/4.0/).

In contrast, the PTP-COF (from 2,2,2"-(1,3,5-benzenetriyl)tris(pyridine-2-
carboxaldehyde) and hydrazine hydrate), in which each of the peripheral phenyl
rings was substituted with one nitrogen atom, showed a low hydrogen evolution rate of

83.3 pmolh~! g~! although it contains the same number of nitrogen atoms as N3-COF.
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Figure 1.38: Hydrogen production with N,-COFs as photocatalyst in the presence of
triethanolamine as sacrificial electron donor. Adapted from ref. 253. CC-BY 4.0 licence
(https://creativecommons.org/licenses/by/4.0/).

This difference was attributed to the relatively low BET surface area of PTP COF of
only 84 m?g~! and to its agglomerated morphology.?®

An imine-linked COF, MP-DHPh synthesized by Chen et al. (made from 5,10,15,20-
tetrakis(4-aminophenyl)porphyrin) and a mixture of 2,3-dihydroxyterephthalaldehyde and
terephthalaldehyde contained porphyrin units and aldehyde linkers featuring -OH groups
that could undergo hydrogen bonding with the imine nitrogen. This COF showed pho-
tocatalytic conversion of molecular oxygen to singlet oxygen that was increasing with an
increasing amount of -OH groups in the COF, and a higher photocatalytic activity for
porphyrins with M = H, than for the Ni or Cu derivatives.?

A hybrid structure of a -ketoenamine COF with CdS nanoparticles showed an in-
creased photocatalytic activity in the hydrogen evolution reaction (with lactic acid as
sacrificial donor) compared to the bare CdS nanoparticles, presumably due to an efficient
transfer of the photoelectrons generated by the CdS particles to the COF lattice.?™"

The squaraine-linked Cu-porphyrin COF CuP-SQ (made from squaric acid and cop-
per(Il) 5,10,15,20-tetrakis(4-aminophenyl)porphyrin) showed an increased rate for the
photocatalytic generation of singlet oxygen compared to the monomeric CuP.3'¢ By synthe-
sizing a MOF-COF hybrid with Ti(IV) units in the structure, Nguyen et al. derived a pho-

tocatalyst that showed high performance in the polymerization of methyl methacrylate.!™
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Photocatalyzed cross-dehydrogenative C-C coupling reactions were performed between
tetraisoquinolines and a variety of reagents with the hydrazone-linked TFB-COF (from
TFB and 2,5-dimethoxyterephthalohydrazide) serving as catalyst. High yields and good

recyclability were achieved.?

1.6.4 Electrochemical Energy Storage and Electrical Devices

Proton conductivity. Fuel cells offer an efficient way to convert chemical energy to
electricity. Thereby the reaction of hydrogen and oxygen produces water and electrical
energy. For a high efficiency, a membrane material is needed that has excellent proton
conductivity as well as high chemical and thermal stability.

Banerjee and coworkers were the first to investigate a COF as proton conductive ma-
terial. They used TPG and 4,4’-azodianiline to synthesize the (§-ketoenamine COF Tp-
Azo, which is highly stable in acidic environments. While the Tp-Azo COF itself shows
almost no proton conductivity, loading its channels with phosphoric acid increased the
proton conductivity to 6.7 x 107>Scm™! at 340 K under anhydrous conditions and to
9.9 x 107*Scem ™! at 332 K under 98% relative humidity, respectively.??

Using the mechanochemical synthesis technique, they also prepared the TpBpy COF
from the linkers TPG and 2,2'-bipyridine-5,5'-diamine. Loading of the COF pores with
H,PO, led to a proton conductivity of 2.5 x 107* Sem ™" at 393 K. For this system, a better
performance of the mechanochemically synthesized material was observed compared to a
solvothermally synthesized COF .28

Two different proton conductivity mechanisms were utilized in the S-ketoenamine COF
TpPa-(SO;H—Py) with a mixture of sulfonic acid and pyridinic groups (made from 1,3,5-
triformylphloroglucinol and 2,5-diaminobenzenesulfonic acid). A COF with the sulfonic
acid groups only showed a low proton conductivity (1.7 x 107 Scem™! at 120 °C and anhy-
drous conditions), which originates from the intrinsic proton conductivity of the sulfonated
COF with a moderate increase upon immobilization of phytic acid (7.5 x 107 Scm™1).

The immobilization of phytic acid at the pyridinic sites in a mixed TpPa-(SO3H-Py)
COF provided a proton conductivity of 5 x 107* S cm™!, originating from the extrinsic pro-
ton conductivity in the phytic acid loaded COF pores. The increase of this value compared
to the conductivity in a phytic@TpPa-Py COF (3 x 10~*Scm™!) shows the contribution
of the sulfonic acid groups in the proton transport and the possibility to improve the

proton conductivity of COFs using a combination of different transport mechanisms.?!
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Zhang, Li, and coworkers synthesized the cationic COF EB-COF:Br (made from ethid-
ium bromide and 1,3,5-triformylphloroglucinol) with the counterion Br~ immobilized in
the pores. Exchanging these ions with PW,,0,,° led to a framework with a proton
conductivity of 3.32 x 107*Sem™! (98% RH, 298 K).?%

By immobilizing triazole and imidazole in the COF TPB-DMTP (made from 1,3,5-
tris(4-aminophenyl)benzene and 2,5-dimethoxyterephthalaldehyde) (Figure 1.39), Jiang
and coworkers were able to reach high proton conductivities at 130°C and anhydrous con-
ditions of 1.1 x 1072 Sem ™! and 4.37 x 1072 Scem ™! for COF with triazole and imidazole,

respectively. %

Proton carrier: triazole Proton carrier: imidazole

Figure 1.39: TPB-DMTP-COF with triazole and imidazole molecules in the COF channels.
Reprinted by permission from Macmillan Publishers Ltd: Nature Materials ref. 195,
copyright 2016.

High proton conductivities at 298 K were also achieved with sulfonic acid functional-
ized COFs. The COF NUS-9 (from TPG and 2,5-diaminobenzenesulfonic acid) features a
proton conductivity of 1.5 x 107*Scem ™! at 33% RH 1.24 x 1072Scm ™! at 97% RH, while
NUS-10 (from TPG and 2,5-diaminobenzene-1,4-disulfonic acid) showed even higher con-
ductivities of 2.8 x 107*Sem™! at 33% RH and 3.96 x 1072Scm™! at 97% RH.282

The quarternary-ammonium-functionalized ketoenamine COF TpBD-MeQA™, initially
formed from the linkers TPG and 3,3-dimethylbiphenyl-4,4’-diamine and postsynthetically
modified to feature quartenary ammonium groups at the pore walls, was applied as ion ex-

changer for use in anion exchange membrane fuel cells. It reached a HCO,* -conductivity
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at 293 K in water of 4.6Scm™' with Br~ as counterion and 5.3mScm~! with OH  as

counterion.?87

Redox-active COFs. A number of redox active COFs have been investigated for applica-
tions in electrical energy storage. The first redox active COF was synthesized by Dichtel et
al., condensing the monomers 2,6-diaminoanthraquinone and 1,3,5-triformylphloroglucinol
to the COF DAAQ-TFP whose anthraquinone units undergo 9,10-reduction to 9,10-
dihydroxyanthracenes.

Films of this COF were prepared by mixing the COF with carbon black and a binder.2™
The capacity of this material was later improved by developing a method to synthesize
oriented films of this COF, thereby drastically increasing the capacitance of the DAAQ
moieties to 400% compared to the non-oriented films with carbon black as 80-99% of the
DAAQ moieties were found to be accessible in the oriented films, compared to only 3% in
the non-oriented film.2%"

Moreover, by polymerization of 3,4-ethylenedioxythiophene in the pores of DAAQ-TFP
COF, a 10-fold higher current response relative to pristine COF films was reached, and
the material featured cycling stability for over 10000 cycles (Figures 1.40 and 1.41).2%

Wang et al. utilized DAAQ-TFP COF (from 1,3,5-tris(4-formylphenyl)benzene and
2 6-diaminoanthraquinone) and the postsynthetically modified DABQ-TFP COF and
TEMPO-COF (see Section 1.4.2 for details) in their exfoliated form and manufactured
Li-ion cells with these COFs serving as cathode materials.

They found that the specific capacity was increased for the exfoliated material com-
pared to the bulk structure for all three COFs, reaching 145 mA h g=!, 210 mA h g,
and 115 mA h g=! at 20 mA g~! for exfoliated DAAQ-TFP-COF, DABQ-TFP-COF, and
TEMPO-COF, respectively. High Li-ion diffusion coefficients of 6.94 x 10~ cm?s~! for
DAAQ-ECOF and 2.48 x 10~ em?s! for DAAQ-DFP-COF were measured.?%

Khattak et al. utilized the linker diaminopyridine in a ketoenamine COF with TPG for
pseudocapacitive energy storage. In the electrochemical process, the pyridyl unit succes-
sively accepts two electrons and protons to form dihydropyridine. The specific capacitance
of the COF was measured to be 85.3 Fg=! at 20 mV s™! in a two-electrode cell, while a
COF with PDA as amine linker only showed a capacitance of 33.7 F g~! under the same
conditions.?™

Chandra et al. studied ketoenamine COFs (made with 1,3,5-triformylphloroglucinol
and substituted phenylenediamine or benzidine) with -OH, -OMe and without functional-

ization at the amine linker in capacitance measurements.
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Figure 1.40: Incorporation of PEDOT within a DAAQ-TFP COF film (A) and schematic
of oxidation and reduction of the DAAQ moieties (B). Reprinted with permission of the
American Chemical Society from ref. 298.
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Figure 1.41: Charge storage performance and device integration of a PEDOT-modified
DAAQ-TFP film. (A) Average capacitances calculated from 10 cycles of galvanostatic
charge-discharge experiments at various C rates (error bars show + 1 standard deviation).
(B) Extended cycling of a PEDOT-modified DAAQ-TFP film showing stability over 10
000 cycles. First three cycles are at a rate of 10 C, then over 10 000 cycles at a rate of 100
C, followed by another three cycles at 10 C showing no loss in capacitance over the cycles.
(C) CV in a two-electrode device configuration, in which the counter is a high- surface area
carbon electrode. (D) A potential/capacity plot obtained in a two-electrode experiment
exhibits well-defined voltage plateaus at the formal potential of the DAAQ moieties. (E)
A PEDOT-modified DAAQ-TFP COF working device powering a green LED. Reprinted
with permission of the American Chemical Society from ref. 298.
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The COF TpPa-(OH),, with the functionalized amine linker 2,5-diaminohydroquinone
dihydrochloride that can undergo a hydroquinone to benzoquinone conversion upon oxi-
dation showed a very high specific capacitance of 214 F g~! at a current density of 0.2 A
g~ ! in two electrode configuration. Thereby the quinone form of the COF was proposed
to be stabilized by intramolecular hydrogen bond formation of the quinone oxygen with
the adjacent nitrogen in the imine bond.

In comparison, all COFs with -H and -OMe substituted linkers gave low capacitances.
The specific capacitance of the COF TpBD(OH),, with OH-functionalized benzidine as
amine linker, was 86 F g=! at 2 mV s~! scan rate, but irreversible decomposition of the
radicals formed upon oxidation of this linker led to a distinct capacitance decrease upon
repeated cycling.?68

Wang et al. grew COF LZU-1 on NHs-functionalized reduced graphene oxide. The
capacitance of this composite was 533 Fg=' (0.2 Ag™ in 1.0 M Na,SO, electrolyte),
significantly higher than for each separate component (226 Fg~! for the COF and 190
Fg~! for the graphene oxide). The authors attribute this improvement to an increased
effective electrode surface area in the composite.?°

Multi-wall carbon nanotubes with a coating of COFrtra_pyTa, formed by a solvother-
mal co-condensation of 4,4’ 4”-(1,3,5-triazine-2,4,6-triyl)trianiline and 2,5-dihydroxy-
terephthalaldehyde, were also tested as capacitors. The obtained specific capacitances
were 127.5 and 98.7 Fg~! at 0.4 and 2 Ag!, respectively. These values were substan-
tially higher than the capacities of COF or nanotubes alone or of a composite with the
COF grown on the nanotubes lacking NH, functionalization, supposedly because of a
reduced crystallinity of the COF grown on non-functionalized nanotubes.%4

The tetragonal [TEMPO],-NiP-COF (for synthesis see Section 1.4.2), featuring post-
synthetically introduced organic radicals, was applied as a capacitor. The [TEMPO]505-
NiP-COF with only 50% of the COF linkers modified with the radical featured a capac-
itance of 124 Fg=! at 100 A ¢!, while the fully modified [TEMPO];g%,-NiP-COF had a
capacitance of 167 F g~! under the same conditions. The COFs also showed high capacities
for higher current densities. An excellent cycling stability was achieved for [TEMPO]s509-
NiP-COF.?2!

The same postsynthetic modification strategy for the incorporation of the TEMPO rad-
ical was applied in a hexagonal imine linked COF with 1,3,5-tris(4-aminophenyl)benzene
serving as amine. No distinct increase of conductivity was measured in the modified COFs.

The radical units were found to electronically interact with each other, showing an increas-



110 1. Covalent Organic Frameworks: Structures, Synthesis and Applications

ing level of interaction for higher degrees of modification, while the electronic interaction
between COF backbone and the radical side groups was minor.?’!

Finally, the imine-linked TDFP-1 COF (from 1,3,5-tris(4-aminophenyl)triazine and
2,6-diformyl-4-methylphenol) featured a capacitance of 354 F g=! at a scan rate of 2 mV s!
and of 418 Fg~! at 0.5 Ag™! in 1M H,SO,. Nyquist impedance measurements revealed

an effective charge transfer resistance of 24.27 Q.19

COFs in Li-ion batteries. Rechargeable Li-ion batteries are a prevalent electrochemical
cell type in many application areas, including portable devices, tools and electromobility.
The use of COFs in Li-ion batteries was first reported by Xu et al. for the boronic
ester Drp-Axpr-COF built from HHTP and a naphthalene diimide core boronic acid.
The naphthalene diimide unit serves as a redox-active component in the lithiation and
delithiation process and undergoes enolization upon lithiation.

Incorporation of the imide unit in a COF increased the efficiency compared to the use of
the free diimide molecule, as dissolution in the electrolyte is prevented. The COF showed
a high charge-transfer resistance, which was overcome by introducing carbon nanotubes in
the COF synthesis. The resulting composite was applied as cathode and featured a high
capacity of about 70 mA h g=! at a rate of 2.4 C, good performance in high rate charge
and discharge cycles and a remarkable cycle stability.!'3

The  diimide core  was also  utilized in  the form  of  2,7-
diaminobenzo[lmn]|[3,8]phenanthroline-1,3,6,8(2H,7H)-tetraone in combination with
1,3,5-triformylbenzene (TFB) and 1,3,5-triformylphloroglucinol (TPG), respectively.
With these systems, high capacities (e.g. 80 mA h g=! after 300 cycles at 3.4 C and
89.3 mA h g~ ! after 200 cycles at 3.7 C with the TFB linker) could be reached without
additional carbon nanotube support.?4!

Bai et al. reported capacities of 600 mA h g=! and 593 mA h g~! after 500 cycles
for two imine COFs synthesized from TFB with benzidine and the triazine core amine
4,4' 4"-(1,3,5-triazine-2,4,6-triyl)trianiline, respectively.'3?

Vazquez-Molina et al. described a method to reach crystallographic alignment in
COFs by applying uniaxial pressure to pre-synthesized COF powder material (see Section
1.5.2.3). The resulting COF pellets were impregnated with LiClO,; they exhibited high
Li-ion conductivity of 0.15 mS ecm~! with COF-5.82 Du et al. studied spiroborate-linked
COFs with Li as counterion and observed a Li-ion conductivity of 3.05 x 107> Scm™! at

RT in a COF blend with polyvinylidene fluoride and propylene carbonate.?®
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COFs in Li-sulfur batteries. Lithium-sulfur batteries may become an alternative to
Li-ion batteries due to their high specific energy, but several stability problems need to
be addressed for commercial deployment. To overcome the issue of soluble polysulfides
shuttling between anode and cathode, COFs have been investigated as polysulfide traps
to improve the cycling stability of the Li-S cells.
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Figure 1.42: Schematic representation of the synthesis and the charge and discharge pro-
cess of the Por-COF/S composite. Adapted from ref. 233 with permission of The Royal
Society of Chemistry.
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Yang et al. co-condensed triformylphloroglucinol and 4,4’-azodianiline to form a ketoe-
namine COF that was then impregnated with sulfur by grinding the COF together with
elemental sulfur and subsequent heating to 155 °C for 20 h. Charge-discharge experiments
were performed with lithium foil as anode and a mixture of the COF together with con-
ductive carbon (KB600), carboxymethylcellulose sodium and styrene butadiene rubber on
a aluminum foil as cathode. The COF showed a high initial discharge capacity of 1536
mA h g7t at 0.1 C, and after the first drop in capacity in the first few cycles a relatively
stable capacity of around 740 mA h g~!, demonstrating the successful stabilizing effect of
the COF on the polysulfide moieties.?%

Por-COF (from 1,4-phenylenediamine and a porphyrin aldehyde linker) was shown
to yield a capacity of 721 mA h g~! in a Li-sulfur battery after 100 cycles at a rate of
0.5 C (the COF was impregnated with sulfur by grinding and subsequent heating and
then mixed with acetylene black and PTFE, pressed onto an aluminum grid and used as
cathode, lithium foil was used as anode and reference electrode, see Figure 1.42.233

COF-1 was also tested as polysulfide host (in a mixture with carbon black and
polyvinyldifluoride on an aluminum foil) exhibiting a remarkable capacity and cycling
stability with 929 mA h g=! at 0.5 C after 100 cycles, whereas with the triazine COF
CTF-1 a significantly lower cycling stability was reported with only 489 mA h g~! after
100 cycles. The larger pore COFs COF-5 and COF-10 showed even lower performance.*’
Composites of carbon nanotubes coated with COF-1 were applied as polysulfide trap

in Li-S batteries. 84% capacity retention after 300 cycles at a rate of 2.0 C was achieved,

compared to only 15% retention without the COF layer on the nanotubes.**

COF field effect transistors. As 2D imine COFs feature in-plane conjugation in the
COF sheets, they might be an interesting material for designing organic field effect
transistors (FETs). This application was first investigated by Feldbluym et al. who
utilized the imine COF polyTB (from benzene dithiophene carbaldehyde and tris(4-
aminophenyl)amine). Films of this COF showed a relatively low field-effect mobility of
3.0 x 107%cm? V157! which was mainly attributed to grain boundaries in the COF film
limiting long-range carrier mobility.'®

Sun et al. found that COF-366 (from tetrakis(p-aminophenyl)porphyrin and tereph-
thalaldehyde) selectively grows on hexagonal boron nitride (hBN) as a thin film.
FETs containing these films featured a mobility of 0.015cm?V~!s~! in the saturated
regime and the mobility was shown to be higher on hBN than on a HfO,/Si surface

(3.4 x 107 cm? V~—1g71) 208
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To design a vertical field-effect transistor, Sun et al. utilized the COFrppy.pppa
(from 1,3,6,8-tetrakis(p-formylphenyl)pyrene and 1,4-phenylenediamine) on single-layer
graphene (SLG). Here, the COF was grown on SLG, which served as source electrode
while gold deposited on the COF layer served as drain electrode. High current densities of
up to 6.8 A cm~2 for holes and 4.1 A cm~2 for electrons were measured and a high current

density on/off ratio of > 10° was reached.?*?

1.6.5 Optoelectronics

In recent years, with a focus on potential applications in optoelectronics has markedly
expanded. In 2013 we published a review about this nascent development.?*®

The first semiconducting COF was reported by Jiang and coworkers in 2008. They
used the co-condensation of pyrene-2,7-diboronic acid and HHTP to form the boronic ester
TP-COF with pyrene moieties in the backbone. Its electrical conductivity was measured
using a two-probe method across a 10 pm gap between two Pt electrodes. The I-V profile
of TP-COF (measured under air at 25 °C) was almost linear, and TP-COF showed a
current of 4.3 nA at 2 V bias voltage compared to only 79 pA for a sample where the
COF precursors were only mixed. Doping of the COF with iodine led to an increase of
the electric current, indicating a p-type semiconducting nature of TP-COF.!"

Self-condensation of the aforementioned pyrene-2,7-diboronic acid resulted in the
boroxine-linked PPy-COF. It showed an electrical conductivity similar to TP-COF and a
similar increase in current upon doping with iodine, indicating that PPy-COF is also a
p-type semiconductor. For photocurrent measurements, PPy-COF was deposited as a film
of 100 pm in a sandwich-type electrode assembly between an Al and a semitransparent
Au electrode. Upon irradiation with visible light (xenon lamp, > 400 nm), a sharp rise in
photocurrent generation was observed. By switching the light on and off, an on/off ratio
over 8.0 x 10* was realized. In contrast, TP-COF in which the HHTP moieties are placed
between the pyrene units only yielded an on-off ratio of 2.0 x 104,56

Incorporation of phthalocyanine moieties in COFs for optoelectronic application was
first reported by Ding et al. Here, a boronic ester COF made from BDBA and
(2,3,9,10,16,17,23,24-octahydroxyphthalocyaninato)nickel(IT) gave the 2D NiPc COF with
a tetragonal pore system in which the phthalocyanine units are stacked on top of each

other. This stacking led to photoconductivity of the COF whereas the phthalocyanine
linker itself did not show any photoresponse. NiPc COF showed p-type semiconducting



114 1. Covalent Organic Frameworks: Structures, Synthesis and Applications

properties.!® By replacing the BDBA with the electron-withdrawing 1,4-benzodiathiazole
diboronic acid, an n-type semiconducting COF could be synthesized.!*?

A switching of the nature of the conductivity upon metal insertion was demonstrated
for COFs synthesized from porphyrin boronic acids and BDBA. These COFs crystallized
in an AA arrangement of the porphyrin units, which allows for columnar interactions in
the porphyrin stacks. The metal-free framework, named H,P-COF is a hole-conducting
material. Interestingly, by introducing Zn into the porphyrin units, an ambipolar COF

ZnP-COF is formed. If not Zn but Cu is used, the resulting CuP-COF is predominantly

electron transporting (Figure 1.43).5
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Figure 1.43: MP-COFs with different metals. Adapted with permission from ref. 66.
Copyright 2012 John Wiley and Sons.

In contrast, when a phthalocyanine boronic acid was used, a slipped AA arrangement
of the COF layers was obtained, and thus the columnar interactions were reduced. The

Pc-COFs with Cu, Zn or Co as complexed metal ions were all mainly hole transporting,
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but the metal ions lowered the electron density in the phthalocyanine units following the
trend Cu < Zn < Co, thereby influencing the mobility.?®

Yaghi and coworkers reported a porphyrin boronic ester COF made from a boronic
acid functionalized porphyrin unit and 2,3.4,5-tetrahydroxyanthracene. Pulse-radiolysis
time-resolved microwave conductivity measurements revealed a high charge carrier mo-
bility of 3.0 cm? V~!'s™! in the framework. An even higher value of 8.1 cm? V~!'s™! was
measured for an imine COF formed by the co-condensation of terephthalaldehyde and
amino-functionalized porphyrin.

However, these high mobilities were found only for short-range motion, pre-
sumably within individual crystalline domains, while the long-range mobility values
(from time-of-flight (TOF) transient, measured on 1.5 pm thick films of COF and
poly(methylmethacrylate) with Al and indium tin oxide electrodes) were significantly
lower, indicating that the charge carrier movement over longer distances is limited by
grain boundaries.”™

Two COFs with tetrathiafulvalene (TTF) serving as a linker (TTF-Ph-COF with the
linker PDA and TTF-Py-COF with the linker 1,3,6,8-tetrakis(4-aminophenyl)pyrene) were
investigated by flash-photolysis time-resolved microwave conductivity. The TTF-Ph-COF
showed a charge carrier mobility of 0.2 cm? V=1 s~1, while it was only 0.08 cm? V—1s~! for
TTF-Py-COF, probably due to less efficient layer stacking in the latter COF.26

Several investigations have been focused on the synthesis of COFs that combine donor
and acceptor units in their lattice. The defined arrangement of the building blocks in
the COF structure could conceptually lead to highly ordered heterojunctions in the COF
lattice. In 2012 the group of Jiang reported a boronic ester COF in which HHTP represents
the electron donor and 1,4-benzothiadiazole diboronic acid the electron acceptor.'"?

This concept was later expanded to the Dy,p.-Anxp-COF that was built from the elec-
tron donating Zn-phthalocyanine and electron withdrawing naphthalene diimide. In this
structure, the neighboring donor-acceptor pairings enable an effective charge separation
over long distances. This led to a charge carrier lifetime of 1.8 and 1500 ps at 280 and
80 K, respectively, determined from time-resolved electron spin resonance spectroscopy
(TR-ESR) measurements.''6

The formation of donor-acceptor heterojunction COFs with HHTP as an electron donor
and naphthalene diimide or pyromellitic anhydride as electron acceptor demonstrated the

importance of donor-acceptor matching for the design of COF superheterojunctions. While

in the COF with naphthalene diimide separated columns of acceptor and donor units are
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present, the COF with pyromellitic dianhydride forms a through-bond charge transfer
complex.®8

A systematic study of donor-acceptor combinations in COFs made from metalloph-
thalocyanines and diimides indicated in all investigated structures charge separation and
charge migration along the columns of the electron donor and acceptor units, respectively.
The lifetimes of the charge-separated states were found to be increasing depending on the
metal centers in the series Zn < Ni < Cu, while the nature or length of the used aromatic
diimide acceptor played a minor role, as revealed by transient absorption spectroscopy.'®

Our group prepared a donor-acceptor COF thin film utilizing an HHTP acceptor and
a porphyrin donor as linkers to build a donor-acceptor heterojunction COF structure that
was used as active layer in a solar cell. Upon irradiation with simulated solar light, it fea-
tured an open-circuit voltage of 312 mV and a short-circuit current density of 44.6 pA cm=2.
In comparison, the short circuit current density of a cell with the two COF precursors
mixed as a blend was more than 30 times smaller than with the COF, demonstrating the
advantage of the defined alignment of donor and acceptor in the COF.!12

A different approach for the formation of a donor-acceptor heterojunction with a COF
was reported by our group in 2013. Thereby, the electron donating TT-COF, compris-
ing thienothiophene units was synthesized as a thin film, and the COF pores were filled
with the electron accepting fullerene derivative [6,6]-phenyl-Cg;-butyric acid methyl es-
ter (PCBM). TT-COF showed efficient charge transfer towards PCBM, demonstrating
the benefit of the concept of filling an electron-donor network with an electron accep-
tor. TT-COF:PCBM was tested as active layer in a photovoltaic device and revealed an
open-circuit voltage of 0.62 V and a power conversion efficiency of 0.053%.04

Moreover, we developed oriented films based on a benzodithiophene (BDT) COF, pre-
senting honeycomb-like networks of vertically arranged pores on the substrate. Filling
these BDT-COF films with [60]PCBM or [70]PCBM yielded donor-acceptor interpene-
trated systems that showed an efficient energy transfer from the benzodithiophene units
to the PCBM.1%6

Further investigation of the directional charge carrier transport in oriented BTD-COF
films (using hole-only devices) revealed a dependence of the charge transport on the film
thickness, with higher hole mobility values for thinner films (3 x 1078 cm? V=!s™! for a
film of 80-100 nm in thickness), supposedly due to defects in the COF stacks. Additionally,
illumination of the film led to a threefold increase of the the hole mobility, demonstrating

the photoactive nature of BDT-COF.1%®
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The intrinsic hole mobility of a COF built from a hexabenzocoronene amine and tereph-
thalaldehyde was calculated to be as high as 0.7cm?V~!s™!, as determined by direct
current integration.?”

A delocalization of the m-clouds over the COF sheets was realized in CS-COF, a
phenazine-linked COF that is formed from triphenylene hexamine and tert-butylpyrene
tetraone. CS-COF was investigated applying flash photolysis time-resolved microwave
conductivity and time-of-flight measurements and was found to be a a hole conducting
framework with a remarkable intrinsic mobility of 4.2 cm? V~1s71.

The pores (1.6 nm in diameter) of the electron-donating COF network were filled with
fullerene molecules to build a bicontinuous donor-acceptor system. This system showed
photoconductivity and was tested as an active layer in solar cells. A power conversion
efficiency of 0.9% was achieved, although the COF film was non-oriented. An open-circuit
voltage as high as 0.98 V was measured, which was attributed to the low HOMO-level of
CS-COF (-5.7 eV) (Figure 1.44).3%

In contrast to filling the COF pores with the electron acceptor, Chen, et al. demon-
strated a postsynthetic reaction of an azide-functionalized Zn-phthalocyanine COF with
alkyne-functionalized fullerenes, thereby covalently attaching the electron acceptor unit to
the COF lattice. They found that the fullerene units are necessary for charge separation
and that the efficiency of charge separation is increased for a higher fullerene content.?!

Following a different approach, the m-electron donating tetrathiafulvalene was used as
aldehyde building block and co-condensed with PDA in an imine COF. The resulting COF
TTF-COF showed conductivity upon doping with iodine to up to 1.8 x 1075Scm™! at 25

°C, determined by constant-voltage two-probe measurements.?*
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Figure 1.44: Carrier mobility and photoelectric properties of CS-COF. (a) Conductivity
transient using flash photolysis time-resolved microwave conductivity methods on excita-
tion with a 355-nm laser pulse. (b) Time-of-flight transient current integration for CS-COF
with a 355-nm laser pulse at a power of 34 mJ cm™2 per pulse. (c) Schematic represen-
tation of synthesis of CS-COFD>Cgq by sublimed crystallization of fullerenes in the open
one-dimensional channels (white: carbon; red: nitrogen; purple: fullerene). A side view
of CS-COFDCg is also shown. (d) I-V curve of a 50-nm-thick CS-COFD>Cgy/ PMMA
film sandwiched between Al and Au electrodes at bias voltages ranging from -1.5 to 1.5
V in air at 25 °C. (e) Photocurrent switching at a bias voltage of 1.5 V in air at 25 °C,
with repetitive light on-off actions on the 50-nm-thick CS-COF>Cgy/PMMA film. (f) J-V
curve of the photovoltaic cell under irradiation with air mass 1.5 conditions. Reprinted by
permission from Macmillan Publishers Ltd: Nature Communications ref. 320, copyright
2013.
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By preparing TTF-COF as oriented thin film, the conductivity of the doped COF
could be dramatically increased to 2.8 x 107 Scm ™! (determined by two-probe measure-
ments). This demonstrates the advantage of an oriented arrangement for charge carrier
transport.??® A related effect was found for thin films of the aforementioned TT-COF that
showed a significantly increased photoresponse compared to the non-oriented COF .10

For a range of COFs, an increased conductivity was observed upon incorporation of
a dopant in the pores, indicating a charge transfer between the COF host material and
the guest molecules. For example, this was found in the azodioxy linked POR-COF made
from a protected tetrakis-(arylhydroxylamine)porphyrin. The electrical conductivity of
the undoped COF was 4.6 x 10~ Sem™! (I-V-curves from two-probe measurement, room
temperature, air) while it was increased to 1.52 x 107" Scm ™! upon doping with 1,3

When the imine-linked COF FL-COF-1 made from 2,7-diaminofluorene and 1,3,5-
triformylbenzene), bearing fluorene units in the amine linker, was doped with iodine,
the conductivity was significantly increased to 1.0 x 107*Sem™! at RT, and a high
Seebeck coefficient of 2450 pVK™! was measured, but the COF was amorphized.'??
Charge transfer was also observed between the boronic ester-linked T-COF-4 (from HHTP
and thieno[3,2-b]thiophene-2,5-diboronic acid) and the electron acceptor molecule tetra-

cyanoquinodimethane (TCNQ).1%3

1.6.6 Sensing

The confined space of COF pores and their defined pore environment make COFs promising
materials for sensing applications. However, in view of the great structural variety of
COFs, surprisingly few examples have been reported to date. Dalapati et al. reported
an azine-linked COF (made from hydrazine and 1,3,6,8-tetrakis(4-formylphenyl)pyrene
with four aldehyde groups) that was tested for fluorescence quenching upon addition of
nitroaromatic compounds. It was shown to be very sensitive and selective towards the
explosive 2,4,6-trinitrophenol.?®

The same principle was investigated with the imine COF 3D-Py-COF (made from
tetrakis(p-aminophenyl)methane and 1,3,6,8-tetrakis(4-formylphenyl)pyrene with four
aldehyde groups). It showed fluorescence quenching upon addition of picric acid, with a
75% reduction of the fluorescence at a picric acid concentration of 20 ppm (Figure 1.45).%2

A high selectivity towards 2,4,6-trinitrophenol was also found for delaminated

sheets of the imide-linked PI-COF (from tetrakis(4-aminophenyl)porphyrin and 3,4,9,10-
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Figure 1.45: Fluorescent behavior of 3D-Py-COF. (a) Photography of the 3D-Py-COF
powder under UV light irradiation. (b) Fluorescence quenching upon addition of PA (0-20
ppm) in DMF (A\ex = 408 nm). Reprinted with permission from ref. 32. Copyright 2016
American Chemical Society.

perylenetetracarboxylic dianhydride). A significantly higher quenching constant of
1 x 107"M~! for the sheets than for the bulk COF was measured.?%

The boronic ester COF TPE-Ph (from 1,2,4,5-tetrahydroxybenzene and
tetraphenylethylene-tetraboronic acid) with the ETTA unit as the boronic acid building
block showed fluorescence quenching upon addition of ammonia, with a substantial
fluorescence decrease of 30% at an ammonia content of 1 ppm (measured in toluene).?*

The ketoenamine COFs 3BD and 3'PD derived from a Michael addition-elimination
reaction (from amines and [-ketoenols, see Table 1.26 for details) featured fluorescence
quenching with nitro- and peroxide-based explosives with a detection onset of ~ 1pM
for triacetone triperoxide. The fluorescence quenching with this compound presumably
originated from the oxidation of the enamine units.?** The imine-linked TAT-COF-2 (from
2,7,12-triformyl-5,10,15-triethyltriindole and 1,4-phenylenediamine) showed a change in
fluorescence intensity with a variety of compounds, with nitrobenzene, 2-nitrotoluene and
phenol leading to efficient fluorescence quenching.??

Delaminated sheets of the COF TfpBDH (from pyromellitic- N, N’-bisaminoimide and
1,3,5-tris(4-formylphenyl)benzene) featured fluorescence quenching with nitroaromatic
compounds. Thereby the quenching was significantly stronger with 2.4,6-trinitrophenol
than with other nitroaromatic analytes, supposedly resulting from charge transfer of the
picrate anion (TNP-) to the COF.?*3 The concept of quenched fluorescence was also applied

for Hg*" detection.
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The hydrazone COF LZU-8, synthesized from an (ethylthio)propoxy-functionalized
hydrazide and TFB, features a strong fluorescence, which is effectively quenched in the
presence of Hg*™-ions. Here, the thiol units served as sensitive receptors for Hg?", leading
to a decrease in fluorescence of 83% in a 33 pM Hg®" solution. Due to this specific
interaction, the COF responded selectively to Hg*" ions and was also usable in aqueous
solution. Furthermore, the removal of Hg*" from the COF framework was demonstrated,
showing the recyclability of this material.?4"

Likewise, the azine-linked COF JLU-3 from hydrazine and a hydroxyl-functionalized
triformylbenzene was used as Cu*" detector via fluorescence quenching upon interaction
of the Cu®T-ions with the COF framework. Removal of the Cu?"-ions with a chelating
agent turned on the fluorescence again, demonstrating the COF’s recyclability. COF-JLU-

3 showed the strongest quenching effect with Cu®", and less response towards Co*", Fe?*,

and Ni** 27

1.6.7 Drug Delivery

Recently, first examples of the successful application of COF particles as carriers for
drug delivery have been reported. Fang et al. synthesized 3D imide COFs from
pyromellitic dianhydride and the amines 1,3,5,7-tetraaminoadamantane and tetrakis(4-
aminophenyl)methane, respectively.

They were loaded with Ibuprofen, captopril or caffeine and showed a slow release
of these drugs over several days in vitro.>°” Bai et al. were the first to report the cell
uptake of drug-loaded COF particles and drug release in the cells. For this purpose, they
synthesized two imine COFs co-condensing TFB with benzidine to form PI-2-COF and
with TAPP to form PI-3-COF (with particle diameters of ~ 50 nm). Both COFs were
successfully loaded with the anticancer drug 5-fluorouracil (by immersing the CONs in a
solution of 5-fluorouracil), captopril or ibuprofen and taken up by cells of the MCF-7 cell
line (Figure 1.46).1%®

Triazine triphenyl aldehyde and triazine triphenylamine were co-condensed by Vyas et
al. to form the imine COF TTI-COF. H-bonding interactions of the imine groups of the
COF with the anti-cancer drug Quercetin were utilized to bind the drug in the COF pores.
The loaded COF particles were taken up by human breast carcinoma cells and led to a
lower proliferation rate compared to the bare drug.'?®

The mixed ketoenamine- and hydrazone-linked COF TpASH (from 4-
aminobenzohydrazide and TPG) was postsynthetically modified in a three-step
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Figure 1.46: (a) Confocal images of cells before and after the treatment with drug-loaded
COFs. (b) Quantitative MTT analysis showing the cell viability when incubated with
bare COFs, 5-FU, and 5-FU loaded COFs for 24 h. Corresponding concentrations are 100
pgmL™! 16 pgmL ™! and 100 pgmL~!. (c) Release profiles of two 5-FU loaded COFs at
100 pgmL~! and corresponding fitting curves. Reproduced from ref. 138 with permission
of The Royal Society of Chemistry.

route to establish a functionalization with folic acid and a delamination of the COF to
produce nanosheets. These functionalized CONs were applied in the targeted delivery of
5-fluorouracil in MDA-MB-231 cell lines and showed preferential uptake into cancer cells,
as the latter feature an overexpression of folate receptors. The loaded CONs were also

shown to induce cell death via apoptosis.?®®

1.7 Conclusion and Perspectives

In this article, we have provided a comprehensive overview over the structural diversity
of covalent organic frameworks developed so far, the relevant synthesis techniques and
the accessible variety of COF morphologies, as well as a discussion on demonstrated and
potential applications. In the past few years, the structural diversity of COFs has greatly
expanded, alongside with a broadening of the scope of applications of COFs.
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Novel building block structures and geometries have given rise to the development of
numerous COFs with dual or triple pore geometries and new pore shapes. The post-
synthetic modification of as-synthesized COFs has proven to be a versatile method to
circumvent structural or synthetic limitations for the incorporation of functional groups
and bulky moieties.

Important knowledge about factors controlling packing behavior and crystallinity of
COFs as well as insights into the mechanisms of COF formation have been gained, but
many questions are still open. It is anticipated that novel strategies to lock in the spatial
positions of building blocks in COFs and thus to achieve improved stacking order will
give rise to a pronounced enhancement of their performance in optoelectronics and related
applications.

The development of new linkage motifs as well as new building blocks in recent years
will open up numerous possibilities for the design of new COF structures and we expect
to see a rapid increase of new structures. Importantly, chemically stable COF linkages
open up whole new fields of applications under harsh conditions, including heterogeneous
catalysis and electrochemical applications. The ability to design an enormous structural
space of porous organic frameworks with variable pore diameters and to precisely position
almost arbitary molecular moieties with a broad range of functionalities offers great intel-
lectual challenges and inspiration for intriguing applications - we have just begun to open

the door to this exciting world.
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Chapter 2

Characterization Methods

2.1 X-ray Diffraction and Scattering

X-ray diffraction (XRD) is a versatile and widely used technique for the analysis of crys-
talline materials, providing information about lattice constants and geometry, crystallite
domain sizes and defects. X-rays are produced when electrons are accelerated in a mag-

netic field and hit the anode.

(a) (b)

Bremsstrahlung

characteristic
radiation

Figure 2.1: Generation of X-rays: (a) Bremsstrahlung. (b) Characteristic radiation.

The resulting spectrum is a spectrum of continuous radiation called "Bremsstrahlung"
that is emitted when electrons slow down due to deflection in the electric field of an
atomic nucleus (see Figure 2.1a) and sharp peaks that originate from characteristic X-ray
radiation. The latter is emitted when high-energy particles hit inner shell electrons of an
atom. The resulting vacancy is filled by an outer shell electron under emission of photons
with an energy that corresponds to the energy difference of the higher and lower energy
state of this electron (see Figure 2.1b).

Thus, each element has a set of characteristic X-ray frequencies. For X-ray diffraction
analysis, one type of the characteristic radiation is filtered to yield monochromatic X-rays.

The most commonly used radiation is Ka radiation (from electronic transition from the
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second so-called L-shell to the innermost, so-called K-shell). This is usually the most
intense X-ray radiation generated.!
If electromagnetic waves interact with periodic lattices, constructive interference can

occur when Bragg’s law is satisfied:?

nA = 2dsind (2.1)

with the interplanar distance d, the scattering angle @, the wavelength of the incident
beam A, and a positive integer n. The diffraction at a periodical lattice is depicted in

Figure 2.2.
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Figure 2.2: Schematic representation of Bragg diffraction at a periodical lattice.

The relation between the peak broadening in XRD patterns and the size of crystallites
was first described by Scherrer.® It can be experimentally used to determine the domain

size in a polycrystalline material, see Equation (2.2).4

kX

- Bcostg

(2.2)

Here, D denotes the mean size of the crystalline domains, k represents a shape factor,
A is the wavelength of the incident beam, B corresponds to the full width at half maximum
(FWHM) corrected for instrumental broadening and 6 is the diffraction angle.

X-ray diffraction under grazing incident angles (GID) can, among others, be applied for

the investigation of the crystallinity and preferential orientation in thin films. The setup
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Figure 2.3: Schematic representation of the GID geometry.

of a GID experiment is depicted in Figure 2.3. The X-ray beam hits the sample surface
in a very small angle in respect to the sample surface, typically a; <1°. Diffraction on the
surface occurs that is detected utilizing a 2D detector. With this setup, diffraction can
be detected as a function of both, the exit angle ay (out-of-plane angle) and the in-plane

angle 1.%

2.2 Vibrational Spectroscopy

2.2.1 Infrared Spectroscopy

In infrared (IR) spectroscopy, radiation in the infrared range is passed through a sample
and is absorbed in certain wavelengths. These wavelengths correspond to the vibrational
energies of the vibrational modes of the molecule. In general, a molecule has different
vibrational modes.

Vibrations that alter the distance between the atoms while their angle remains constant
are called stretching vibrations and vibrations with an angular change but constant atomic
distance are termed bending vibrations. The stretching vibrational modes can be further
classified as symmetric or antisymmetric® (see Figure 2.4 for the vibrational modes of
H,0). In order to be visible in IR spectroscopy, the respective vibration has to change
the dipole moment of the molecule. Vibrations that do not affect the dipole moment are

IR-inactive.
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Figure 2.4: Basic modes of vibration for the HoO molecule.

2.2.2 Raman Spectroscopy

Raman spectroscopy utilizes the Raman effect, that is the inelastic scattering of a photon.
If a photon interacts with a molecule, elastic or inelastic scattering can occur. In the case
of elastic scattering, the wavelength of the radiation is unchanged. This process is called
Rayleigh scattering and accounts for the predominant part of scattering events. A small

fraction of photons is however scattered in an inelastic fashion.

A Virtual Energy States AT
>
2
(0]
c
i
ng v Vibrational
V=1 A 4 A 4 Energy States

Stokes-Raman Rayleigh Anti-Stokes
Scattering Scattering  Raman Scattering

Figure 2.5: Energy-level diagram showing the energy transitions for Rayleigh and Raman

scattering.

A part of the photons is inducing vibrations when interacting with the molecule,
thereby loosing a part of its energy. These photons are then visible at longer wavelengths

and are called Stokes Raman lines. If the photons absorb vibrational energy from the
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molecule, they appear at shorter wavelengths to form the anti Stokes Raman lines.” All
three processes are depicted in Figure 2.5.

The condition for Raman activity is a change of the polarizability of the molecule.
Consequently, the vibration of a molecule can be either IR-active or Raman-active or
both. In a molecule with a center of symmetry, the rule of mutual exclusion states that

no normal modes can be both IR-and Raman active.?

2.3 UV-vis Spectroscopy

The valence electrons of molecules can be excited by radiation in the ultraviolet (UV) and
visible (vis) region. Thereby the electrons are excited to energetically higher anti-bonding
molecular orbitals. This excitation can occur with o-, 7- and non-bonding n-electrons as

o-0*, m-1*, n-0*, and n-7* transitions, see Figure 2.6.

o* anti-bonding
AT anti-bonding
>
2
()
c
w
n non-bonding
m bonding
o bonding
o — 0" ™ n— o* n—

Figure 2.6: Electron transitions in molecules with 7-, o- and n-electrons.”

In an experimental setup, the attenuation of the incident light upon transition through
the sample is determined. Deviations originating from stray light, reflection or absorption
of the sample holder, e.g. a cuvette, are eliminated by reference measurements. With UV-
vis spectroscopy, the concentration of a UV-vis absorbing substance can be determined by

applying the Beer-Lambert law (Equation (2.3)):

lg?:e-d-c (2.3)

with the intensity of the incident light Iy, the intensity of the transmitted light I,
the sample thickness d, and the concentration ¢. The value of the extinction coefficient

€ is determined from calibration curves and specific for a particular wavelength.!® UV-vis



152 2. Characterization Methods

spectra are furthermore accessible from powders via diffuse reflectance measurements. If
the scattering at the sample surface is significantly larger than the absorption and the
amount of reflection is negligible, the Kubelka-Munk function (Equation (2.4)) can be
applied.!!

K _(1-R)?
5= (2.4)

2R

Here, K represents the absorption coefficient, S corresponds to the scattering coeffi-

cient, and R describes the diffuse reflectance.

2.4 Atomic Emission Spectroscopy

When Kirchhoff and Bunsen introduced the spectroscopic analysis of elements in 1860, they
reported three properties of their emission that laid the foundation for the development
of atomic emission and atomic absorption spectroscopy. First, atoms that absorb light at
a given wavelength also emit light at the same wavelenght. Second, the line spectra that
can be recorded from the emission or absorption are characteristic for an element. Third,
the lines that can be observed stem from free atoms rather than their compounds.'?

In atomic emission spectroscopy (AES), atoms are excited in a flame, spark, or in
ICP-AES in an inductively coupled plasma (ICP). This plasma is established by three
concentrical quartz tubes that are placed in the middle of the coils of an arrangement
of radio frequency coils. Typically, argon is used as gas and ignited with a Tesla coil
discharge. Upon ignition, free charge carriers of Ar" are created and form a conductive
gas. By applying a high frequency field, avalanche ionization occurs establishing a stable
plasma.’ In a typical ICP-AES setup the sample is directly brought into the flame and
the emitted light is separated into its different wavelengths by a diffraction grating. The

light intensities at the different wavelengths are then measured with a photodetector.

2.5 Nuclear Magnetic Resonance Spectroscopy

Nuclei with an odd number of protons and/or neutrons such as 'H, "B, ¥C, and N

feature a nuclear spin p with the value:

p=nh-\JI(l+1) (2.5)
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with the reduced Planck constant & and the nuclear spin quantum number [.

(a) A (b) A z
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Figure 2.7: (a) Schematic representation of the magnetic vector double cone and the
overall magnetization originating from excess spin population, (b) magnetization vector
My in static magnetization, (c) orientation of the magnetization vector at a 90° pulse, (d)
relaxation after the pulse.

In the absence of a magnetic field these spins are energetically equal. If an external
magnetic field is applied, the energy levels split. For example for [ = 1/2, two levels are
established. The nuclear magnetic vector precesses about the external field axis and can
be depicted as a double cone. As the number of spins in the ground state is slightly higher
than in the excited state, an overall magnetization is realized (Figures 2.7a and 2.7b).
Absorption and emission of electromagnetic radiation leads to transitions between these
states. In a nuclear magnetic resonance (NMR) experiment, electromagnetic radiation is
applied to induce these transitions until the system is saturated, i.e. both energy levels
are equally populated. In this condition, the magnetic vector is tilted in the y-direction
and the resulting magnetization in y-direction can be detected (Figure 2.7c¢). When the
radiation stops, the vector relaxes back into its original position (Figure 2.7d).

The resonance frequencies of the nuclei are influenced by their chemical environment,

hence they provide information about the structure of the molecule. In liquid NMR,
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the sample is measured in solution and the mobility of the molecules in the solution
suppresses line-broadening from dipole-dipole interactions. When a solid material has to
be investigated, this mobility is not available and a measurement as such would result in
an large line broadening. To overcome this issue, magic-angle spinning (MAS) has been
developed. In a MAS experiment, the sample is brought into a tube that is rotated in the
NMR spectrometer at the so-called "magic angle" of 54.74° with respect to the magnetic
field. At this angle, the contributions of the dipolar interactions between the nuclei are

largely eliminated.

2.6 Electron Microscopy

In electron microscopy, an accelerated electron beam is used to illuminate the sample.
Depending on the setup, different measurement techniques can be realized. In transmission
electron microscopy (TEM) the focussed electron beam transmits through a very thin
sample. The general operation principle of TEM is the same as for a light microscope, but
electrons are shone through the sample instead of light. As the wavelength of the electrons
used here is smaller than that of visible light, the resolution of a TEM is significantly, that
means by several orders of magnitude, higher than in a light microscope. With this method,
resolution down to the atomic scale is possible. In a TEM instrument (see Figure 2.8) the
electron beam is focused on a small area of the sample by condenser lenses. The fraction
of the electron beam that is transmitted through the sample is focused by the objective
lens and projected onto a fluorescent phosphor screen. Furthermore, when the electron
beam passes the sample, scattering occurs and a diffraction pattern of the sample can be
collected.!?

In scanning electron microscopy (SEM, see Figure 2.8 for a schematic setup with a
secondary electron detector), an accelerated electron beam is focused onto a small sample
area and interacts with the sample under emission of a range of signals, which can be
applied to characterize the sample.!* Secondary electrons are emitted when the electrons
of the beam remove electrons from the K-shell of the sample atoms. These secondary
electrons are emitted only from the first few nanometers in depth from the sample surface.
This detection mode is therefore applied to collect information about the sample topogra-
phy. In order to obtain a topographic image of a certain area of the specimen, the electron
beam scans the sample surface in a raster fashion. Detection of secondary electrons is the
method that is used in this thesis. Other measurement modes are possible, for example

the detection of high-energy backscattered electrons that emerge from elastic interactions
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with the sample atoms (see Figure 2.1a) and are distinct for different chemical composi-
tions of the sample. In energy-dispersive X-ray spectroscopy (EDX), characteristic X-ray
radiation (see Section 2.1) is emitted from the specimen and provides information about

the elemental composition of the sample.'

TEM SEM
l —— Electron Source —— .
L = L =
c —— Condenserlens —— e
Sample — smmmm

—— Deflection colis

Projector lens —— e
! orrcreen _

Figure 2.8: Schematic setup of a transmission electron microscope (left) and a scanning
electron microscope (right).

2.7 Sorption

Nitrogen sorption under constant pressure is a measurement that is widely used to deter-
mine the surface areas and pore sizes of porous materials. The equilibrium curve at T =
const. is the adsorption isotherm. It has different shapes, depending on the size distribu-
tion and types of pores in the material. The pore size of a material roughly classifies it as
microporous (<2 nm), mesoporous (2 nm to 50 nm) or macroporous (>50 nm). Experi-
mentally, a sorption isotherm is obtained at constant temperature by applying increasing
and subsequently decreasing pressure of the probe gas to the evacuated porous substance
and measuring the equilibrium pressure after adsorption of the probe gas on the surface
of the substrate, thus obtaining the adsorption and desorption branch of an adsorption
isotherm.

The isotherm types correspond to different pore sizes and shapes and were classified by
TUPAC in 1985 and refined in 2015.1%'7 Figure 2.9 depicts the main isotherm shapes from
the 2015 TUPAC report. Type I corresponds to microporous materials and features a steep
rise at low pressure and a generally concave form (to the argument p/py) of the isotherm.

The overall uptake of the material is limited by the accessible volume of the micropores.
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Figure 2.9: Classification of physisorption isotherms according to IUPAC. Adapted from

ref. 16.
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In Type I(a) only very narrow micropores of < 1 nm in width are present while Type
I(b) accounts for larger micropores and a broader range of pore size distribution, also
possibly including small mesopores. Isotherms of Type II correspond to non-porous or
macroporous solids. On these materials, an unrestricted multilayer formation is possible,
leading to a rise of the curve after the monolayer formation has occurred. If the adsorbent-
adsorbate interactions are relatively weak, no distinctive monolayer formation takes place
before multilayer adsorption begins. Therefore, the curve is convex already at low p/po.
This form is classified as Type III.

For mesoporous solids - the dominating type of material used in this work - the ad-
sorption isotherm follows the form of the Type II isotherm in the low pressure region. For
higher pressure pore condensation takes place, leading to filling of the mesopores with the
probing gas, culminating in a plateau indicating saturation of the surface. If a hysteresis
is present, this curve is classified as Type IV (a) indicating mesopores above a critical
width that depends on the probe gas (around 4 nm for nitrogen). The reason for the
hysteresis lies in a delayed condensation due to metastability of the adsorbed monolayer.
Pore blocking may also lead to a delayed emptying of the pores during desorption. Smaller
pores or those with conical shape give rise to an isotherm of Type IV(b), without hystere-
sis. If both, a low adsorbent-adsorbate interaction and pore condensation are present, the
result is an isotherm of Type V, with a shape similar to that of Type III, but featuring a
plateau at high p/py and a hysteresis. Finally, if a stepwise formation of several layers on
a non-porous, highly uniform substrate takes place, the result is an isotherm of Type VI,
with several steps.

For the evaluation of the surface area from the experimentally obtained adsorption
isotherm, a range of models have been developed, which use different approaches for the
description of the adsorbent-adsorbate interactions. The two models that are applied in
Covalent Organic Framework research are the Langmuir and the Brunauer-Emmett-Teller
model. The Langmuir model assumes that only a monolayer is formed at the surface and no
interaction between different adsorbent molecules is present, i.e. the interaction between
the adsorber and the adsorbent is strong, while the adsorbent-adsorbent interaction is
negligible. For example, this behavior is represented by chemisorption processes. In the

Langmuir model the adsorption isotherm is described as follows:
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Di

ki = k/’mami
pi+b

(2.6)

Here, k; is the surface concentration and k,,,; is the maximum surface concentration of
the adsorbent and p; represents the gas pressure. The parameter b is related to the molar

free standard asdorption enthalpy AG°:

(2.7)

b@ﬂwp<AMy>

RT

with the ideal gas constant R and the temperature 7.
For high pressure p;, the surface is saturated with adsorbent and k; = k4., correspond-
ing to a full monolayer on the surface.'® In contrast to this, the Brunauer-Emmett-Teller

equation also accounts for multilayer adsorption. It is described as:

UmCBP
(po—p) [1+ (c5 — 1) 2]

v = (2.8)
Here, v,, corresponds to the volume of one adsorbed monolayer, py describes the satu-
ration pressure of the adsorbate while p is assigned to the equilibrium partial pressure of
the adsorbate and cp is the BET constant.
For the determination of the BET surface area, Equation (2.8) is brought into its

linearized form

U(po - p) B UmCB  UmCB Po

b L ety (2.9)
A plot of p/v(py — p) against p/py gives (¢ — 1)/v,cp as slope from which v, can be
determined.!?
Assumptions include the energetic homogeneity of the surface, the possibility for mul-
tilayer growth and the absence of interactions of the adsorbent molecules within the ad-
sorbent layer. Although not all of these conditions are always fulfilled in the investigated

materials, the BET method is the standard analysis method for the determination of the
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surface area in mesoporous and microporous solids and hence the method applied in this
work.

The adsorption isotherm can furthermore be used to determine the pore size distribu-
tion of a mesoporous material.'® For that purpose, a commonly used model is one that was
derived by Barrett, Joyner and Halenda (BJH) from the Kelvin equation for cylindrical

pores:

p 2V,
In— =

P 7(% )BT (2.10)

with the molar volume of the liquid V,,, the surface tension 7, the pore radius r, and
the thickness of the adsorbed multilayer film ¢..

In addition to the Kelvin equation, the BJH method applies a standard isotherm, called
t-curve, to take into account the pre-adsorbed multilayer film. As this model does not
properly include the surface curvature in mesoporous materials and ignores the enhanced
surface forces, it underestimates the pore sizes of narrow mesopores. Because of these
limitations, today density functional theory (DFT) and Monte Carlo (MC) simulations are
applied to determine the pore size distribution. Both methods provide a molecular level
description of the distribution of the adsorbent molecules on the solid surface. Non-local
DFT (NLDFT) models calculate theoretical isotherms for the given adsorbent/adsorptive
pair and are available for a broad range of materials.

A limitation of the above methods is that these models assume a homogeneous surface
of the porous material, thus deviating in most cases from the nature of the experimen-
tally investigated materials. In order to account for the heterogeneity of the adsorbent,
new methods such as Quenched Solid Density Functional Theory (QSDFET) have been de-
veloped recently, taking into account surface roughness and chemical inhomogeneity, and
leading to significantly improved pore size distribution calculations.?’ Because of their
improved modelling, QSDFT models have been applied for the pore size distribution de-

termination in this work.

2.8 Contact Angle Measurement

Contact angle measurements determine the wettability of a surface. In the sessile drop
method, a small droplet of the liquid is placed on the surface applying a microliter syringe

and the droplet is viewed by a camera. From the recorded images, the angle between
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droplet and surface is determined. According to Youngs’ equation (Equation (2.11)) the
contact angle of a droplet 6y on a surface is determined by the interplay of three interfacial

tensions: liquid-vapor 7;,, solid-vapor s,, and solid-liquid 74 (Section 2.8).

Vv COSQY = Ysv — Vsl (211)
Yy
o Tsv
-— 1 f >

Figure 2.10: Illustration of the contact angle and the interfacial tensions.

If the wettability of the surface is very high, the droplet will spread over the surface
with a contact angle close to 0°, while for a very poor wettability, the contact angle will

be close to 180°.2!

2.9 Thermogravimetric Analysis

In thermogravimetric analysis (TGA), the change of the sample mass upon heating at a
defined heating rate is monitored. With this method, the thermal stability of materials
and their content of volatile components can be determined. For this technique, a high
weighting accuracy is necessary. TGA measurements are carried out by first placing the
sample in the sample pan of a precision balance. Then, a controlled heating rate is
applied and the sample chamber is purged with an either inert or reactive gas, usually
N, or synthetic air. For analysis, the sample weight is plotted as a function of time or
temperature. From this graph, temperatures of changes in the sample like desolvatization,

oxidation, decomposition or phase transitions can be identified.



Bibliography

P. Atkins. Physikalische Chemie. 4th ed. Wiley-VCH, Weinheim, 2006, 778-779.
W. H. Bragg and W. L. Bragg. Proc. R. Soc. London, Ser. A, 1913, 88, 428-438.

P. Scherrer. Nachrichten von der Gesellschaft der Wissenschaften zu Gdttingen,

Mathematisch-Phystkalische Klasse, 1918, 98-100.

G. Cao. Nanostructures and Nanomaterials. Imperial College Press, London, 2004,

331.

P. Miiller-Buschbaum. “A Basic Introduction to Grazing Incidence Small-Angle X-
Ray Scattering”. In: Applications of Synchrotron Light to Scattering and Diffraction
in Materials and Life Sciences. Springer Berlin/Heidelberg, 2009, 61-89.

M. Otto. Analytische Chemie. Wiley-VCH, Weinheim, 1995, 237.
M. Otto. Analytische Chemie. Wiley-VCH, Weinheim, 1995, 234-235.

B. Z. Manfred Hesse Herbert Meier. Spektroskopische Methoden in der organischen
Chemie. Thieme, Stuttgart, 2002, 33-34.

M. Otto. Analytische Chemie. Wiley-VCH, Weinheim, 1995, 277.

K. Cammann, ed. Instrumentelle Analytische Chemie. Spektrum Akademischer
Verlag GmbH Heidelberg/Berlin, 2001, 5/5-5/6.

M. Otto. Analytische Chemie. Wiley-VCH, Weinheim, 1995, 194-196.
G. Kirchhoff and R. Bunsen. Ann. Phys., 1860, 186, 161-189.

B. Fultz and J. Howe. Transmission FElectron Microscopy and Diffractometry of

Materials. Springer-Verlag Berlin/Heidelberg, 2008, 60-63.
M. von Ardenne. Z. Phys., 1938, 109, 553-572.

D. Brandon and W. Kaplan. Microstructural Characterization of Materials. John

Wiley & Sons Ltd, Chichester, England, 2008, 262-264.

M. Thommes, K. Kaneko, A. V. Neimark, J. P. Olivier, F. Rodriguez-Reinoso, J.
Rouquerol, and K. S. Sing. Pure Appl. Chem., 2015, 87, 1051-1069.

K. S. W. Sing. Pure Appl. Chem., 1985, 7, 603-619.



162 BIBLIOGRAPHY

[18] G. Brezesinski and H.-J. Mégel. Grenzflichen und Kolloide. Spektrum Akademis-
cher Verlag Heidelberg, 1993, 42—43.

[19] S. Brunauer, P. H. Emmett, and E. Teller. J. Am. Chem. Soc., 1938, 60, 309-319.
[20] M. Thommes and K. A. Cychosz. Adsorption, 2014, 20, 233-250.

[21] Y. Yuan and T. R. Lee. “Contact Angle and Wetting Properties”. In: Surface
Science Techniques. Springer Berlin/Heidelberg, 2013, 3-34.



Chapter 3

From Benzodithiophene to
Diethoxy-benzodithiophene Covalent
Organic Frameworks - Structural

Investigations

This chapter is based on the following publication:

Maria S. Lohse, Julian M. Rotter, Johannes T. Margraf, Veronika Werner, Matthias
Becker, Simon Herbert, Paul Knochel, Timothy Clark, Thomas Bein, Dana D. Medina,
CrystEngComm 2016, 18, 4295-4302.

Image prepared by Christoph Hohmann, Nanosystems Initiative Munich (NIM)



164 3. From Benzodithiophene to Diethoxy-benzodithiophene COF

Abstract

The incorporation of side groups into a covalent organic framework (COF) backbone can be
of significant importance for developing new frameworks with enhanced properties. Here
we present a novel 7-stacked thiophene-based COF containing a benzodithiophene build-
ing unit modified with ethoxy side chains. The resulting BDT-OEt COF is a crystalline
mesoporous material featuring high surface area and accessible hexagonal pores. We fur-
ther synthesized a series of COFs containing both BDT and BDT-OEt building units at
different ratios. The impact of the gradual incorporation of the BDT-OEt building units
into the COF backbone on the crystallinity and porosity was investigated. Furthermore,
molecular dynamic simulations shed light on the possible processes governing the COF

assembly from molecular building blocks.

3.1 Introduction

The self-organization of w-stacked organic layers into highly ordered three-dimensional
porous structures endows covalent organic frameworks (2D COFs) with interest-
ing properties for diverse applications, including chemical separations, catalysis and
optoelectronics.!™™ The extended organic layers constituting a 2D COF are generally ob-
tained by the copolymerization of rigid building units having complimentary geometries
through the formation of strong yet reversible covalent bonds. Boroxines and boronic es-
ters, obtained by condensation reactions of boronic acids and diols, are commonly utilized
as integral COF assembly motifs and thereby enable the growth of planar two-dimensional
layers.®

Along with the condensation reactions, stacking of the formed organic layers takes
place through dispersive forces.® Therefore, 2D COFs connected through boronate esters
feature an assembly of organic building units (or linkers) in a columnar fashion. This per-
mits the formation of supramolecular structures having long-range order, one-dimensional
channels and high surface areas.!®'® Tuning the structural and physical properties of a
COF while maintaining its key features, namely porosity and crystallinity, can pose sig-
nificant synthetic challenges. For example, incorporating building units having a large
conjugated Tr-system into a framework can be highly desirable for enhanced light absorp-
tion properties.!**6 However, such attractive building units tend to exhibit poor solubility

under the reaction conditions, often leading to poor crystallinity of the resulting COF.!7
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To overcome solubility limitations, a modification of the building units with solubi-
lizing agents such as alkyl side chains can be considered. In the final COF structure the
solubilizing side chains are oriented orthogonally to the COF pore walls and therefore need
to be compatible with the stacking of the COF layers. In addition, these groups can play
an important role in defining the electronic properties of the COF. Electron donating or
electron withdrawing side groups can have a strong impact on the COF optical bandgap,
and they can affect the fine balance between the Coulomb repulsion and the weak attrac-
tive London dispersion interactions holding the COF layers together. In an early study,
Lavigne and co-workers reported the synthesis of a boronate ester-linked COF-18 series
where the catechol building units were modified with linear alkyl side chains ranging from
methyl to propyl groups. The impact of the integrated alkyl side chains on guest molecule
uptake was investigated.'® In a later study, enhanced stability towards humidity of the
propyl modified COF structure was shown within the COF-18 series.!? However, the over-
all long-range order of the COF-18 series was significantly diminished with the elongation
of the side groups.

Jiang and co-workers introduced an azide-modified benzo diboronic acid (BDBA) for
the purpose of COF backbone postmodification. In that report, the overall crystallinity
of the modified COF-5 was maintained as the azide units having a planar configuration
were extended along the plane of the COF layers.?’ Dichtel and co-workers introduced

an effective crystallization route for boronate ester linked COFs starting from saturated

homogeneous precursor solutions.”?!
BDT BDT-OEt j

| |
+HHTP L+ HHTP +HHTP
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Figure 3.1: Schematic representation of the synthesis of BDT COF (left), BDT : BDT-OEt

—B BDT-OEt COF -
/ OB&?%O( \o _ _ 0
S )O g
1:1 COF (middle), and BDT-OEt COF (right).
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Applying this method, COF structures having high surface area and long-range order
were obtained. This crystallization route illustrates the importance of the COF precursor’s
solubility under reaction conditions. Recently, we reported the synthesis under solvother-
mal conditions of oriented thin films of an electron donor COF based on benzodithiophene
units, BDT COF.?2 We also introduced a novel vapor-assisted conversion approach for
the direct deposition of BDT COF films under mild thermal conditions.?® Herein, we de-
scribe the synthesis of a highly porous boronate ester linked BDT-OEt COF containing
(4,8-diethoxybenzo[1,2-b:4,5-b']dithiophene-2,6-diyl)diboronic acid.

The BDT core is modified with electron-donating ethoxy side chains thereby expanding
the family of thiophene-based COFs.72%2425 We synthesized a series of COFs consisting of
BDT and BDT-OEt building unit mixtures and studied their structural properties (Fig-
ure 3.1). The impact of the gradual layer perturbation imposed by the increased fraction
of incorporated BDT-OEt building units into the COF backbone on the crystallinity and
porosity was investigated. Furthermore, molecular dynamic simulations shed light on the

possible processes governing the COF assembly from molecular building units.

3.2 Results and Discussion

A novel BDT-OEt COF featuring a BDT core decorated with ethoxy side chains was
synthesized through the co-condensation of (4,8-diethoxybenz[1,2-b:4,5-b'|dithiophene-2,6-
diyl)diboronic acid and HHTP (2,3,6,7,10,11-hexahydroxytriphenylene) under solvother-
mal conditions (for more details see Experimental section).

Powder X-ray diffraction data of the newly synthesized BDT-OEt COF clearly indicate
the formation of a crystalline framework. The diffraction pattern reveals an intensive
reflection at 2.78° corresponding to the (100) plane. Additional reflections observed at
4.85°, 5.58°, 7.38°, 9.71° and = 25.7° (broad) are attributed to the (110), (200), (120),
(220) and (001) planes, respectively (Figure 3.2). The obtained d-values correspond to
lattice parameters of a = b = 3.66 nm for an ideal hexagonal BDT-OEt COF structure.
Effective crystallite domain sizes of 21 nm in diameter for BDT-OEt COF were calculated
using the Scherrer equation for reflection broadening.

Molecular mechanics simulations for the possible COF layer arrangements were carried
out using Materials Studio software and the Forcite module. Assuming a hexagonal sym-
metry, the BDT-OEt COF unit cell was constructed in the P6 space group corresponding
to an ideal eclipsed AA COF layer arrangement, and featuring a completely open pore

system (Section 3.4.7).
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Figure 3.2: XRD patterns of BDT-OEt COF: experimental (red), Pawley refinement
(black), simulated pattern (blue), and difference plot (green).

To obtain the final unit cell parameters and the crystallite domain sizes, Pawley refine-
ment was employed. For this purpose, the geometry optimized BDT-OEt COF unit cell
was refined against the experimental powder X-ray diffraction pattern. Lattice parameters
of a = b =3.65 nm, ¢ = 0.365 nm and crystallite sizes of 20 nm in diameter were obtained.

The simulated powder diffraction pattern corrected for reflection broadening is in very
good agreement with the experimentally observed pattern with regard to reflection posi-
tions and relative intensities (Figure 3.2). Additionally, we simulated the BDT-OEt COF
unit cell in the triclinic P1 space group where no symmetry constraints are imposed. Af-
ter geometry optimization and Pawley refinement, the refined unit cell reveals an eclipsed
configuration with tilted COF layers.?¢

This layer configuration produced a nearly identical simulated diffraction pattern, and
therefore the exact eclipsed layer arrangement cannot be determined based on the exper-
imental diffraction pattern (see Figure 3.15). To confirm the eclipsed layer arrangement
for the BDT-OEt COF, we also simulated the X-ray diffraction pattern for an alternative
hexagonal unit cell with P63 space group corresponding to a staggered, AB layer arrange-
ment (Figure 3.18a). Based on the comparison of the simulated AA and AB patterns
with the experimentally obtained pattern, we conclude that BDT-OEt crystallizes with

an eclipsed layer arrangement allowing for an open pore system. In previous reports, the
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Figure 3.3: 'H-NMR spectra of the hydrolyzed COFs showing the stoichiometric incorpo-
ration of BDT and BDT-OE linkers into the respective frameworks.

side groups decorating the pore walls were considered as an amorphous contribution to
the X-ray scattering data, having no preferred orientation in the pore due to their free
rotation.!8:20:27

To investigate the preferred orientation of the ethoxy groups in the pores, several
separate molecular dynamics simulations were carried out (Figure 3.6). Independent of
the initial orientation of the groups, which can either face the adjacent hydrogen or sulfur
atom of the BDT core or alternate between these two cases, nearly all ethoxy-groups
rotated to face the sulfur atom within less than 1 ns.

The ethoxy groups retained their position, indicating that the groups can in principle
rotate at room temperature, and that the sulfur-facing position is favoured in the crystal
(Figure 3.6). This was confirmed by DFT calculations at the PBE+D level, which indicate

that the sulfur-facing geometry is more stable by 0.2 eV (corresponding to a Boltzmann

population ratio of approx. 4 x 10~* for the hydrogen-facing geometry at room tempera-
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Figure 3.4: FT-IR plots of BDT COF, BDT:BDT-OEt COFs and BDT-OEt COF.
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Figure 3.6: Left: Molecular structure of the ethoxy-substituted BDT unit. The possible
initial orientations for the dihedral angle are shown in red (facing hydrogen, 180°) and
green (facing sulfur, 0°). Right: Probability distribution of the dihedral angle sampled
over 10 ns. Almost all dihedrals reorient to face the sulfur atom within the equilibration
period of 0.1 ns, independent of the starting orientation (s = sulfur, h = hydrogen, sh =
mixed).

ture). This preference can be attributed to the electrostatic attraction between the sulfur
lone-pairs and the ethoxy hydrogen atoms.

Nitrogen sorption analysis of an activated BDT-OEt COF powder reveals a type IV
sorption isotherm, with a distinct nitrogen uptake at relative low partial pressures, typical
for a mesoporous material (Figure 3.8e).

The Brunauer-Emmett—Teller (BET) surface area was calculated to be as high as
1844 m? g~! (p/p0 = 0.05-0.13 in the adsorption branch) and the pore volume to be 1.07
m?3 g1, These values are in good agreement with the simulated Connolly surface area
of 2075 m? g~! and calculated pore volume of 1.06 m®g~! for a BDTOEt COF with an
eclipsed layer arrangement. BDT-OEt COF exhibits a narrow pore size distribution as
derived from the sorption isotherm with a pore size of 2.9 nm corresponding to a defined
mesoporous structure (Figure 3.7).

An aggregation process of COF crystallites into larger domains was discussed as a
crucial non-reversible step for the formation of COF precipitates.® Scanning electron mi-
croscopy (SEM) micrographs of BDT-OEt COF bulk material indicate that the small
BDT-OEt COF crystallites aggregate into micrometer spherical agglomerates upon COF
powder precipitation (Figure 3.9). Transmission electron microscopy (TEM) images reveal
an intergrowth of small BDT-OEt COF crystallites into larger polycrystalline domains.

In contrast to the BDT COF, less regular fairly short COF channels can be observed

(Figure 3.9¢). These observations are in accordance with the reflection broadening ob-
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Figure 3.7: (a) to (e) Nitrogen sorption isotherms of the COF powders. (f) Detail of the
pore size distributions of BDT COF, mixed BDT : BDT-OEt COFs and BDT-OEt COF
showing the decrease of the main pore diameter upon the incorporation of ethoxy side
chains into the COF structure.

served in the X-ray analysis and suggest that the incorporation of ethoxy side chains can

influence the COF growth process in both the ab-plane and the stacking direction.

Thermogravimetric analysis (TGA) of the COF powder displays a major mass loss at

400°C that is attributed to framework decomposition (Figure 3.11e). The formation of

a boronate ester motif in the COF framework was confirmed by FT-IR and solid-state

NMR spectroscopy. IR-bands at 1346 and 1238 cm ™! are attributed to the B-O and C-O

vibrational modes of the ester formed (Figure 3.4).
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(b)

(d) |

Figure 3.8: TEM micrographs of (a) BDT COF, (b) BDT:BDT-OEt 3 : 1 COF, (c)
BDT:BDT-OEt 1 : 1 COF, (d) BDT:BDT-OEt 1 : 3 COF, (e) BDT-OEt COF, respec-
tively.
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Figure 3.9: SEM micrographs of (a) BDT COF, (b) BDT:BDT-OEt 3 : 1 COF, (c)
BDT:BDT-OEt 1 : 1 COF, (d) BDT:BDT-OEt 1 : 3 COF, (e) BDT-OEt COF, respec-
tively.

In the B solid-state NMR spectrum of BDT-OEt COF, a strong peak at 20.9 ppm
confirms the presence of a trigonal-planar boron atom of a boronate ester (Figure 3.11a). In
the C solid-state NMR spectrum, the signals at 13.2 ppm and 67.7 ppm are attributed to
the methyl and methylene carbon atoms in the ethoxy side chain (Figure 3.11b). Boronate
ester linked COFs consisting of building unit mixtures have been introduced in a series of
COF-5 structures modified with azide side chains as a platform for a gradual post synthetic
modification via click chemistry.?°

Herein, we aim at investigating the structural changes imposed by ethoxy groups on

a well-defined and highly crystalline COF structure such as the BDT COF. For this pur-
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Figure 3.10: TGA traces of (a) BDT COF, (b) BDT:BDT-OEt 3 : 1 COF, (¢) BDT:BDT-
OEt 1:1 COF, (d) BDT:BDT-OEt 1 : 3 COF, (e) BDT-OEt COF, respectively.

pose, we synthesised a series of COFs where both building units BDT and BDT-OEt are
randomly distributed within the COF backbone at different ratios. The BDT : BDT-OEt
COF series was synthesised under solvothermal conditions similarly to the synthesis of
BDT-OEt COF, with BDT : BDT-OEt building unit ratios of 1:0,3:1,1:1,1:3 and
0 : 1 (for more information see Experimental).

Powder X-ray diffraction patterns of the obtained BDT : BDT-OEt COFs confirmed
the formation of a series of crystalline frameworks (Figure 3.5a). Upon the incorporation

of ethoxy side chains into the BDT COF backbone, gradual changes in the BDT : BDT-



3.2 Results and Discussion 175

OEt COF diffraction patterns were observed. The relative intensities of the (110) and
(200) planes change with the increased fraction of BDT-OEt building units.

This is in excellent agreement with the simulated diffraction patterns of BDT and
BDT-OEt COFs and further confirms the successful incorporation of BDT-OEt into the
frameworks (Figure 3.18b). A broadening of the X-ray reflections is evident in BDT-OEt-
rich COFs. The effective crystallite domain sizes calculated for BDT : BDT-OEt 3 : 1
and BDT : BDT-OEt 1 : 3 COFs are 95 nm and 47 nm, respectively. Therefore, we
attribute the reflection broadening to a regular decrease in the crystallite domain sizes
with increasing the BDT-OEt building unit content.

A gradual small shift of the reflections corresponding to the ab plane to higher 20
values with the higher integrated fraction of BDT-OEt building units is observed as well
(Figure 3.5b). Interestingly, the broad reflection at ~25.7°, attributed to the layer stacking,
maintained its position and its relative intensity. The gradual shift to higher 26 values
implies that the incorporation of ethoxy groups into the frameworks induced structural
modifications expressed in the unit cell parameters. This can be either attributed to a
gradual shrinkage of the hexagonal unit cell or to a gradual increase of layer dynamics
resulting in a P1 like structure (Figure 3.15¢).%

Molecular dynamics simulations regarding the layer interactions provided further in-
sights into the effect of the ethoxy groups on the dynamics and order of the system. A
comparison of the sulfur-sulfur radial distribution functions gSS (r) for the ethoxy substi-
tuted and pristine BDT COF reveals a significant increase in short-range disorder in the
former COF (Figure 3.12). This is evident from the broadening and shifted position to-
wards larger distances of the first peak ingSS(r) corresponding to the closest sulfur—sulfur
distance between adjacent layers.

The increased short-range disorder is attributed mainly to increased movement of the
layers in the ab-plane, since more displaced geometries are stabilized by the interactions
between the ethoxy groups. Interestingly, the average interlayer distance in the simulations
increases when the ethoxy groups are present, which might be expected due to the spatial
demands of the ethyl groups. However, this trend regarding the interlayer distances is not
observed in the experimental pattern.

The impact of the gradual incorporation of the ethoxy side chains on the pore acces-
sibility of the frameworks was investigated by nitrogen sorption. The BDT : BDT-OEt

COF series retained the typical type IV isotherms for mesoporous materials.
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Figure 3.11: (a) ''B ssNMR spectrum of BDT-OEt COF showing a boronic ester peak at
20.9 ppm. The shoulder peak at 15 ppm is attributed to free boronic acid groups present
as terminal moieties of the framework. Asterisks indicate spinning side bands. (b) '*C
ssNMR spectrum of BDT-OEt COF. Asterisks indicate spinning side bands.

The relative partial pressure of the slope of the nitrogen uptake is shifted to lower
values as expected for the gradually increasing pore occupancy with ethoxy side chains.

Pore size distribution evaluation revealed a gradual decrease of the pore size upon the
incorporation of ethoxy side chains. In all the BDT : BDT-OEt COF structures only
one type of pore is present, indicating a random integration of the ethoxy groups into
the frameworks, as opposed to the formation of phase-separated domains. High surface
areas were calculated for the BDT : BDT-OEt COF series. This clearly illustrates that
incorporation of BDT-OEt building units into the framework does not affect the accessible

surface areas and pores of the BDT : BDT-OEt COF (Figure 3.7).
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Figure 3.12: Sulfur-sulfur radial distribution functions of the ethoxy substituted (black)
and pristine (red) BDT-COF. The vertical, dotted lines indicate the respective average
interlayer distance.

The solubility of the respective building units under the reaction conditions plays
an important role regarding their incorporation into the COF backbone. If a significant
solubility difference would exist, their ratio in the frameworks might deviate from the initial
stoichiometric mixture. To determine the final BDT : BDT-OEt ratio incorporated into
the frameworks, samples of the respective BDT : BDT-OEt COF series were hydrolysed
in wet DMSO-d6 for "H NMR spectroscopy.

Integrating the proton signals of the building units showed that the observed intensities
are in very good agreement with the intended stoichiometric ratios of BDT, BDT-OEt and
HHTP building units for all COFs. Therefore defects in the form of precursor deficiencies
within the frameworks are not observed (Figure 3.3 and Section 3.4.8). SEM micrographs
reveal a similar overall morphology for all investigated COFs.

Small unevenly shaped particles form large aggregates, comparable with the morphol-
ogy we observed for BDT-OEt COF (Figure 3.9). In TEM images, BDT-rich COFs show
intergrown cauliflower morphology. Depending on the crystallite orientation, ordered chan-
nels or the typical honeycomb structure are visible. BDT-OFEt-rich COFs feature smaller
crystallite domain sizes and shorter COF channels (Figure 3.8).

TGA traces were recorded to determine the thermal stability of the COF series. For all
COFs, the major mass loss attributed to the decomposition of the framework takes place

at 400 °C, showing a similar thermal stability of all investigated frameworks (Figure 3.10).
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These analyses confirm that with BDT and BDT-OEt building units, COFs can be
formed from freely selected ratios of the respective boronic acids. While mixing these
building units in a COF leads to structural changes in the framework, a highly porous,

crystalline and thermally stable framework is generated in all cases.

3.3 Conclusion

In conclusion, a novel ethoxy-functionalized benzodithiophene based COF, namely BDT-
OEt COF, was synthesized under solvothermal conditions. BDT-OEt COF features crys-
tallinity, mesoporosity and high surface area. A series of COFs consisting of both BDT
and BDT-OEt building units in different ratios was synthesized. Highly crystalline, meso-
porous frameworks were obtained for all BDT : BDT-OEt COFs.

A nearly linear evolution from BDT to BDT-OEt COF was observed with regard to
pore size and crystallite domain size upon the gradual incorporation of BDT-OEt building
units into the COF backbone. Furthermore, we show that the final building unit ratios
in the framework can be predetermined prior to the COF synthesis. Therefore, the COF
backbones and chemical pore environment can be finely tuned towards desired properties
while an eclipsed layer arrangement is retained.

Molecular dynamics simulations and DF'T calculations shed light on the preferred ori-
entation of the ethoxy groups in the pores. Furthermore, the simulations illustrate that
the incorporation of ethoxy chains facilitates a subtle lateral displacement of the BDT

COF layers relative to each other.

3.4 Experimental

3.4.1 Materials

All materials (if not otherwise noted) were purchased from Aldrich, Fluka, Acros or TCI
Europe in the common purities purum and puriss. All materials were used as received

without further purification.

3.4.2 Synthesis of 4,8-diethoxybenzo[1,2-b:4,5-b'|dithiophene (1)
The reaction was performed based on a literature procedure.?® A mixture of benzo[l,2-
b:4,5-b']dithiophene-4,8-dione (1.10 g, 4.99 mmol, 1.0 equiv.), zinc dust (0.981 g, 15.0
mmol, 3.0 equiv.), NaOH (10 mL) and EtOH (10 mL) was stirred at 95°C for 2 h. Ethyl

p-toluenesulfonate (3.00 g, 15.0 mmol, 3.0 equiv.) was added and the resulting solution
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was stirred at 95 °C for additional 3 h. The reaction mixture was allowed to cool down to
room temperature and was diluted with dichloromethane (DCM) (70 mL). The aqueous
layer was extracted with DCM (4x100 mL) and the combined organic fractions were dried
over Na,SO,. After filtration, the solvents were evaporated in vacuo.

The crude product was purified by flash column chromatography (silica, isohex-
ane/DCM = 3 : 1) to afford 1 as a colorless solid (0.675 g, 49%). Mp: 96.9-102.6 °C.
"H NMR (400 MHz, CDCl,) 6 /ppm = 7.46 (d, J = 5.5 Hz, 2H), 7.35 (d,J = 5.5 Hz, 2H),
4.35 (q, J = 7.0 Hz, 4H), 1.47 (t, J = 7.0 Hz, 6H). '*C NMR (100 MHz, CDCl;) 6 /ppm
= 144.3, 131.8, 130.4, 126.0, 120.3, 69.4, 16.1. IR (cm™' ): & = 3100, 2980, 2873, 1892,
1515, 1477, 1436, 1372, 1347, 1199, 1106, 1085, 1029, 977, 873, 810, 752, 736, 695, 661.
MS (70 eV, EI) m/2(%) = 278 (27, M™1), 223 (11), 222 (13), 221 (100), 111 (37), 44 (31),
43 (80). HRMS for C,,H,,0,S, (278.0435) found: 278.0428.

3.4.3 Synthesis of 2,6-dibromo-4,8-diethoxybenzo|[1,2-b:4,5-b']-
dithiophene (2)

In a dry argon flushed Schlenk-flask, equipped with a magnetic stirring bar and septum,
1 (1.39 g, 5.0 mmol, 1.0 equiv.) was dissolved in N,N-dimethylformamide (25 mL) and
cooled down to 0°C. N-Bromosuccinimide (1.78 g, 10.0 mmol, 2.0 equiv.) was added in
one portion and the resulting solution was warmed to room temperature and stirred for
4 h. The reaction mixture was diluted with water (100 mL) and extracted with Et,O
(3x30 mL). The combined organic layers were washed with water (6x100 mL) and dried
over Na,SO,.

After filtration, the solvents were evaporated in vacuo. The crude product was purified
by flash column chromatography (silica, isohexane) to give 2 as a colorless solid (1.50 g,
69%). Mp: 158.7-161.9°C. 'H NMR (400 MHz,CDCl;) §/ppm = 7.41 (s, 2H), 4.26 (q, J
= 7.0 Hz, 4H), 1.44 (t, J = 7.0 Hz, 6H). *C NMR (100 MHz, CDCl,) §/ppm = 142.3,
131.4, 131.1, 123.2, 115.0, 69.7, 16.0. IR (cm™'): 7 = 2980, 2927, 2886, 1905, 1520, 1479,
1442, 1370, 1350, 1265, 1170, 1104, 1042, 999, 935, 894, 873, 809, 689, 668. MS (70 eV,
El) m/z (%) = 434 (23, M), 409 (25), 407 (44), 405 (22), 381 (54), 380 (18), 379 (100),
378 (14), 377 (47), 300 (30), 298 (28), 191 (16), 189 (11), 109 (11), 61 (12), 45 (11), 43
(70). HRMS for C,,H,,0,Br,S, (433.8640) found: 433.8649.
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3.4.4 Synthesis of 4,8-diethoxybenzo|[l,2-b:4,5-b']-dithiophene-
2,6-diyldiboronic acid (3)

In a dry argon flushed Schlenkflask, equipped with a magnetic stirring bar and septum,
2 (434 mg, 1.00 mmol, 1.0 equiv.) was dissolved in tetrahydrofuran (THF) (8 mL) and
cooled down to —40°C. n-BuLi (1.06 mL, 2.5 mmol, 2.5 equiv., 2.35 M in hexane) was
added and the resulting solution was stirred for 1.5 h and cooled down to —85°C. Then,
triisopropyl borate (0.69 mL, 3.0 mmol, 3.0 equiv.) was added and the reaction mixture
was allowed to warm to room temperature and stirred overnight. The solution was diluted
with half-concentrated aq NH,Cl solution (25 mL). The alkaline solution was acidified to
pH 6 (with 2.0 M HCI) and extracted with a 3 : 1 THF : diethyl ether mixture (3x150
mL). The combined organic layers were dried over Na,SO,. After filtration, the solvents
were evaporated in vacuo. The crude product was suspended in isohexane (70 mL) and
the mixture was stirred at room temperature for 5 h.

The precipitate was filtered off and dried in vacuo. 3 was obtained as green solid (184
mg, 50%) and was used without further purification. Mp: 71.9-274.3°C. 'H NMR (400
MHz,acetone-d6) ¢ /ppm = 8.14 (s, 2H), 4.39 (q, J = 7.2 Hz, 4H), 1.47 (t, J = 7.2 Hz,
6H). *C (75 MHz, acetone-d6) § /ppm = 145.5, 135.1, 134.5, 130.3, 70.4, 16.8. IR (cm™!):
v = 3209, 2978, 1532, 1445, 1373, 1344, 1320, 1161, 1084, 1046, 989, 959, 850, 788, 700.
HRMS for C,,H;;04B,S, (365.0496) found: 365.0501.

3.4.5 COF synthesis

A 25 mL Schott Duran glass bottle with a Teflon sealed polybutylene terephthalate cap
was equipped with 2,3,6,7,10,11-hexahydroxytriphenylene, HHTP (11 mg, 0.034 mmol)
and a total of 0.051 mmol of BDT : BDT-OEt linkers in molar ratios of 1:0,3:1,1:1,
1:3,and 0: 1. The reaction mixture was suspended in 1.5 mL of a 1 : 1 (v/v) solution of
mesitylene/dioxane and heated for 72 h at 100°C. Afterwards, the green precipitate was
isolated by filtration and dried in vacuo for 72 h at 150 °C.
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3.4.6 Computational details

The models were defined as periodic supercells containing ten COF layers. MD simu-
lations were performed in the isothermal-isobaric ensemble (at 25°C and 1 atm), using
the Dreiding forcefield as implemented in Forcite Plus and a timestep of 1 fs.2? This
forcefield has been shown to provide high quality descriptions of polythiophenes in the
condensed phase.?® The average temperature was kept constant using the Andersen ther-
mostat during equilibration and the Nosé—Hoover—Langevin thermostat during production
runs. Isotropic pressure was kept constant using the Berendsen barostat. Charges for the
periodic COF network were calculated using the QEq scheme.?!

Long range electrostatic and van der Waals interactions were treated via the Ewald
summation method, with a 6 A cutoff on the repulsive contribution to the van der Waals
energy. In all dynamics runs, the system was equilibrated for 0.1 ns and results were
collected over 10 ns. DFT calculations were performed with CASTEP,*? using the PBE
functional and the D2 dispersion correction as implemented in the DFT-SEDC code.33 35

We used a plane wave basis set with a 340 eV cutoff and ultrasoft pseudopotentials.®

k-point sampling was performed with a 1x1x6 Monkhorst-Pack grid.?”

3.4.7 Characterization

Fourier-transform infrared spectra were measured with a Bruker Equinox 55 equipped with
a PIKE MIRacle ATR-unit at room temperature in the scan range 650-4000 cm~!. Nitro-
gen sorption was measured with 20-25 mg sample using a Quantachrome AUTOSORB-1
station at 77.3 K after degassing the sample for at least 12 h under vacuum at 150 °C. The
Brunauer-Emmett—Teller (BET) surface areas were calculated from the adsorption branch
in the range of p/pg = 0.05 — 0.13. Pore sizes were calculated with a QSDFT adsorption
model of N, on carbon (cylindrical, adsorption branch). Powder X-ray diffraction (PXRD)
measurements were carried out in reflection mode on a Bruker D8 Discover diffractometer
with Ni-filtered K« radiation (A= 1.54060 A) and a position-sensitive detector (LynxEye).
Molecular geometry optimization was performed with Accelrys MS Modeling 4.4 using the
universal and Dreiding forcefield method. The final hexagonal unit cell was calculated
with the geometric parameters from the optimized structure. For the Pawley refinement
and simulation of the PXRD patterns the Reflex module was used (a software package
implemented in MS Modeling 4.4).

Scanning electron microscopy (SEM) was performed on a JEOL 6500F instrument at

an acceleration voltage of 2-5 kV. The samples were coated with a thin carbon layer by
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carbon fiber flash evaporation at high vacuum. Transmission electron microscopy (TEM)
data were obtained with a FEI Titan Themis 60-300 microscope at an acceleration voltage
of 300 kV. Cross-polarized ''B and'®C solid-state NMR (ssNMR) measurements were
performed on a Bruker Avance III-500 spectrometer in a 4 mm ZrO, rotor with a spinning
rate of 10 kHz. Thermogravimetric analyses (TGA) were recorded on a Netzsch STA 440
C TG/DSC. The measurements proceeded at a heating rate of 10 °C/min up to 900°C, in a
stream of synthetic air of about 25 mL min-1. Hydrolyzed COF 'H NMR solution spectra
were recorded on a Bruker Avance I11-400 MHz spectrometer. 5 mg of COF powder was
dissolved in DMSO-d6 containing 5% D,O in every case. A relaxation delay of 8 s was

employed to increase the precision of aromatic signal integration.
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Appendix

BDT-OEt COF simulated structures

Molecular mechanics simulations for the BDT-OEt COF unit cell were carried out using
Materials Studio software 4.4 and the Forcite module. First, we constructed a bare hexag-
onal P6 space group unit cell with lattice parameters reported for the BDT-COF. Based
on the functional groups and the geometry of the BDT-OEt COF precursor molecules,
the repeating unit was constructed and placed in the bare hexagonal unit cell to obtain
the complete unit cell. The geometry of the BDT-OEt COF layer was optimized in the
unit cell using the Dreiding forcefield and the QEq correction for weak interactions. The
Reflex package in the Materials Studio software allows for Pawley refinement for the sim-
ulated unit cell parameters according to the experimental PXRD. The simulated unit cell
parameters were refined against the experimental PXRD. The refinement parameters R,
and Ry, are 3.37% and 4.95%, respectively, the final unit cell parameters are a = b =

36.56 + 0.04 A, ¢ = 3.65+ 0.04 A.

Table 3.1: Refined crystal data of BDT-OEt COF.

Formula Cr5015B6S6Hys

Formula weight 1530.49 g/mol

Crystal system Hexagonal

Space group P6

Unit cell dimensions a =D =36.56 A
c=365A

Cell Volume 4234.14 A3
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Table 3.2: Fractional atomic coordinates of BDT-OEt COF.

Atom | Wyck. | x y Z
C1 6d 0.58577 | 0.36594 | 0.44433
C2 6d 0.58777 | 0.32954 | 0.44062
C3 6d 0.49211 | 0.45890 | 0.47547
C4 6d 0.56198 | 0.47912 | 0.46663
C5 6d 0.54195 | 0.53395 | 0.48791
C6 6d 0.66044 | 0.40711 | 0.44743
C7 6d 0.62166 | 0.40426 | 0.44828
08 6d 0.55181 | 0.37005 | 0.44579
B9 6d 0.56817 | 0.41435 | 0.45221
010 | 6d 0.61299 | 0.43536 | 0.45323
Cl11 6d 0.54370 | 0.43609 | 0.45827
C12 | 6d 0.53300 | 0.49234 | 0.47430
S13 6d 0.48972 | 0.41092 | 0.45743
C14 | 6d 0.66425 | 0.37067 | 0.44362
C15 | 6d 0.62683 | 0.33073 | 0.44244
H16 | 6d 0.55974 | 0.30310 | 0.43696
H17 | 6d 0.59341 | 0.49907 | 0.46773
H18 | 6d 0.68480 | 0.43656 | 0.45058
019 | 6d 0.58285 | 0.56389 | 0.51939
C20 | 6d 0.60015 | 0.60358 | 0.69692
C21 6d 0.64333 | 0.61313 | 0.83124
H22 | 6d 0.58033 | 0.60202 | 0.92893
H23 | 6d 0.60269 | 0.62792 | 0.50983
H24 | 6d 0.66339 | 0.61603 | 0.59942
H25 | 6d 0.63977 | 0.58737 | 1.00418
H26 | 6d 0.65821 | 0.64193 | 0.99045
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Figure 3.13: (a) and (b) Simulation of BDT-OEt COF unit cells calculated in an eclipsed
arrangement in the P6 space group. Top: top view on ab plane, bottom: four BDT-OEt
COF unit cells fused to form the hexagonal pore. (c) and (d) Simulation of BDT-OEt
COF unit cell in an eclipsed arrangement in the P6 space group viewed along the c-axis
with an interlayer distance of 3.65 A.
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Figure 3.14: Simulation of BDT-OEt COF unit cells calculated in an eclipsed arrangement
in the P1 space group. (a) top view on ab plane, (b) four BDT-OEt COF unit cells fused
to form the hexagonal pore, (c¢) view along the c-axis.
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——BDT-OEt COF simulated pattern P1 symmetry

—— BDT-OEt COF simulated pattern corrected for crystallite size
Pawley refinement

—— BDT-OEt COF experimental pattern
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Figure 3.15: XRD patterns of BDT-OEt COF in P1 space group: experimental (red),
Pawley refinement (black), simulated pattern corrected for crystallite size (blue), and
simulated pattern (green). For Pawley refinement: The refinement parameters R, and
Ryp are 2.87% and 2.16%, respectively, the refined unit cell parameters are a = 37.15 A
+0.04, b=37174+ 004 A, ¢ =358 +£ 0.04 A; a = 90.31°, B = 77.44°, v = 120.35°.

Figure 3.16: Simulation of BDT-OEt COF unit cells calculated in a staggered arrangement
with P63 space group. (a) Top view on ab plane, (b) four BDT-OEt COF unit cells fused

to form the pore system, (c) and (d) view along the c-axis.
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Figure 3.17: (a) XRD patterns of BDT-OEt COF: experimental (red), simulated AA
eclipsed arrangement (black), and simulated AB staggered arrangement (blue). (b) Com-
parison of simulated XRD patterns of BDT COF (green) and BDT-OEt COF (red).
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NMR spectra of hydrolysed COFs
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Abstract

The control over the oriented growth of covalent organic frameworks (COFs) as thin films
can be essential for the potential application of these systems in areas such as optoelec-
tronics or chemical sensing. Herein, we examine the impact of the chemical modification
of the substrate on the growth of COF-5 thin films. For that purpose, we modify gold
substrates with self-assembled monolayers (SAMs) with the terminal functional groups
-OH, -CH;, and -COOH and subsequently grow COF-5 in a solvothermal synthesis route
as thin film on these substrates and on bare gold. Crystalline thin films with a pref-
erential orientation of the domains in which the COF pores are aligned perpendicularly
to the substrate surface is achieved for all substrates. We demonstrate that a particu-
larly high degree of orientation can be achieved on substrates modified with OH-SAM or
COOH-SAM, indicating a growth-directing effect of these functional groups.

4.1 Introduction

By co-condensing rigid organic linkers in reversible condensation reactions, covalent or-
ganic frameworks (COFs) can be formed featuring a defined arrangement of the organic
building blocks and permanent porosity.!® When flat molecular linkers are applied in
the COF synthesis, the COF crystallizes in 2D sheets that can form stacks due to m-m
interactions between the layers.

The growth of COFs as thin films plays a major role on the way to the successful
application of these materials, e.g as potential components of solar cells. The formation
of such films with a preferred orientation of the COF domains in contrast to a random
alignment has shown to improve their performance in a range of applications, for example
as capacitive electrode,” field-effect transistor,® and photoelectric device.”

The growth of oriented and thin COF fims has been accomplished on a range of sub-

O or on oxide substrates (indium doped tin oxide, nickel oxide, and

strates like graphene,*
molybdenum oxide).''? Early on, the solvent composition was found to play an important
role in achieving oriented thin films instead of a random alignment of the COF crystallites,
as shown by Dichtel and coworkers with a series of Zn-phthalocyanine COFs.!® A continu-
ous flow COF thin film synthesis was found to allow for control over the film thickness.'*

The boronic ester-linked phthalocyanine ZnPc-PBBA COF was shown to selectively
grow on single-layered graphene and not on bare fused SiO, when a methanol and 1,4-

dioxane solvent mixture was used.!® In all these films the crystallites were oriented with
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the c-direction being aligned perpendicularly to the substrate plane but recently, thin films
of COF-5 were grown from a colloidal solution of COF-5. In these films, the c-direction
of the COF crystallites has a preferential orientation parallel to the substrate surface
plane.'® Despite these investigations, there is still a range of questions open regarding the
key factors of the growth of COFs as thin oriented films, among them the characteristics
of the substrate.

In this work we investigate the impact of the functional modification of the substrate
on the oriented growth of COF thin films. For that purpose we use self-assembled mono-
layers (SAMs). These are formed from molecules that consist of a long alkyl chain and a
functional group at one end, while the other end bears a thiol group that is able to bind
to a gold surface.

As these molecules arrange on the substrate in the form of dense self-assembled mono-
layers with the functional groups pointing towards the layer surface, a dense and defined
coverage of the substrate with different functionalities can be achieved.!” By growing COF-
5 in a solvothermal synthesis route as thin film on these substrates, we study the influence

of substrate functionalization on the orientation of the domains in COF thin films.

4.2 Results and Discussion

Gold coated glass substrates were modified with SAMs to alter the surface functionaliza-
tion. For this purpose we placed clean gold substrates (for cleaning procedure see Section
4.4.3) for 3 days in 1 mM mesitylene : 1,4-dioxane 1 : 1 (v/v) solutions of the thiols 16-
mercaptohexadecan-1-ol and 1-hexadecanethiol, to grow self-assembled monolayers on the
gold substrate hereafter denoted as OH-SAM and CH;-SAM, respectively. The formation
of the SAMs on gold substrates was examined by water contact angle measurements, see
Figure 4.1. The unmodified gold substrate exhibited a contact angle of 94°. Upon modi-
fication with 16-mercaptohexadecan-1-ol the contact angle was reduced to 62°, while the
substrate with CH;-SAM had a contact angle of 90°.

Films of COF-5 were grown on these substrates by solvothermal co-condensation of
2,3,6,7,10,11-hexahydroxytriphenylene (HHTP) and 1,4-benzenediboronic acid (BDBA)
in a mesitylene : dioxane 1 : 1 (v/v) mixture at 100 °C for 24 h. In order to reduce
the precipitation of COF-5 particles formed in solution onto the films, the substrates
were placed face-down in the reaction mixture. X-ray diffraction (XRD) detector scan
measurements were conducted to investigate the crystallinity of the COF films. In the

XRD pattern of COF-5 grown on OH-SAM (Figure 4.2a), a distinct signal is visible at
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26°, which can be attributed to the (001) plane of the COF and represents the stacking
distance of the COF layers, while all other reflections of COF-5 are absent. This is a first
indication for a preferential orientation of the COF sheets parallel to the substrate surface.

OH _OH _OH _OH

a

(d) ZOHOZOHO. 20 HO. 2O

Figure 4.1: Contact angle measurements of functionalized gold substrates: (a) bare gold,

(b) OH-SAM, (c) CH;-SAM, (d) COOH-SAM.

s
]

To further confirm the preferential orientation of the COF crystallites, grazing inci-
dence diffraction (GID) analysis was performed. Figure 4.3b shows the 2D-GID data for
the film grown on OH-SAM. In the image, a signal at q(y) = 17.5 nm™! is visible that
corresponds to the (001) reflection of the COF. When this signal is located at a spot at
q(z) = 0, it establishes a low angular spread and an alignment of the crystallites with the
c-direction of the COF crystallites perpendicular to the substrate plane while a full arc
would correspond to a random orientation. Furthermore, signals aligned at q(y) = 0 are
visible at 2.33, 4.07, 4.75, and 6.26 nm~! that correspond to the (100), (110), (200), (210),
(220) planes of the COF lattice and are in good agreement with previously reported values
for COF-5.10

These observations reveal a highly oriented alignment of the COF crystallites on OH-
SAM. Scanning electron microscopy (SEM) micrographs show the formation of a film that
fully covers the substrate, while large particles are also visible that sit on the dense film
(Figure 4.4d). The film has a thickness of approx. 90 nm (Figure 4.4c).

On a substrate without SAM and on CH3;-SAM, the (011) reflection at 26° is also
present in the XRD detector scan measurement (see Figure 4.2a), but in GID measure-

ments, the higher angular spread of the (001) reflection is visible, evincing a less oriented

growth of COF-5 on these substrates (Figures 4.3a and 4.3¢). Particularly on CH;-SAM,
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(a)

—— COF-5 on OH-SAM
—— COF-5 on CH,-SAM
—— COF-5 on COOH-SAM
——— COF-5 on gold

Intensity (a.u.)
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Figure 4.2: (a) Detector scan XRD measurements of COF-5 grown on bare gold and gold
substrates functionalized with OH-SAM, CH;-SAM, and COOH-SAM. (b) TEM image of
a COF-5 thin film grown on OH-SAM.

the signals in GID are also weak and the reflections at the (210) plane at 4.75 nm™! and at
the (200) plane at 6.26 nm~! are not visible (Figure 4.3c). This may also result from the
reduced COF film thickness of 40 nm that we observed in SEM investigations on CH;-SAM
(Figure 4.4e).

On bare gold, the COF film thickness was 120 nm (Figure 4.4a), comparable to the film
on OH-SAM. For both films, SEM top view images revealed the presence of agglomerates
on the films, furthermore the film on bare gold exhibited cracks (Figures 4.4b and 4.4f).

The COF film grown on OH-SAM was investigated by transmission electron microscopy
(TEM). For this measurement the COF film was removed from the substrate with a fine
blade and transferred to a copper grid. The hexagonal structure of the COF pores is visible
(Figure 4.2b) corresponding to an alignment of the COF crystallites c-axis perpendicular
to the substrate surface plane. We attribute the absence of this pattern in some areas to
the high thickness of the film with multiple COF crystallites lying on top of each other
and having slightly varying orientations.

The highly oriented growth of the COF on OH-SAM in a way that the COF sheets are
aligned parallel to the substrate surface plane may appear somewhat counter-intuitive, as
the OH groups are pointing towards the substrate surface normal and thus could provide
anchoring points for an upright growth of the COF sheets. In contrast, in this work we
found a beneficial influence of the OH groups towards a highly ordered flat arrangement
of the COF sheets. This might be induced by a reversible binding and cleavage of the

boronic acid linker to the SAM molecules thereby slowing down the COF formation and
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Figure 4.3: 2D-GID analysis for COF-5 grown on: (a) gold substrate without SAM, (b)
OH-SAM, (c) CH;-SAM, (d) COOH-SAM. All images are normalized to have the same
colour range between minimal and maximal intensity.

enabling an improved alignment of the crystallites. Recently, Wang et al. investigated the
growth of imine-linked COFs as thin films and found a high degree of orientation for films
grown on an NH,-terminated SAM,!® an observation that is in line with our results.

In order to further explore the impact of SAM structure on COF orientation, an
additional modification with 16-mercaptohexadecanoic acid, forming a carboxylic acid-
functionalized SAM (hereafter denoted as COOH-SAM), was investigated for COF growth.
Combining boronic acids and carboxylic acids can lead to the formation of mixed anhy-
drides of the form RC(O)OB(OH),R.* A surface functionalization with a carboxylic acid
may thus also act in an orientation-directing way.

COF-5 was grown on COOH-SAM in the same solvothermal synthesis route as the
other films. Gold films with COOH-SAM exhibited a contact angle of 63° (Figure 4.1d),
evincing the successful SAM formation. In the XRD detector scan pattern of the COF-5
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Figure 4.4: Scanning electron microscopy images in cross section (left) and top view (right)
of COF-5 grown on (a) and (b): bare gold, (c) and (d): OH-SAM, (e) and (f) CH;-SAM,
(g) and (h): COOH-SAM.
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grown on COOH-SAM, the signal at 26° is the only visible peak, indicating a preferential
flat alignment of the COF layers (Figure 4.2a).

The COF-5 film on COOH-SAM has a thickness of 130 nm, and shows agglomerates on
the flat film that are smaller than on the other films, as determined from SEM micrographs
(Figures 4.4g and 4.4h). A GID measurement of the COF-5 film on COOH-SAM exhibits
a narrow angular spread of the signal at q(y) = 17.5nm™! that is comparable to the
measurement of the film on OH-SAM. We therefore conclude that COOH-SAM also exerts
a beneficial effect towards the oriented growth of the COF, similar to OH-SAM-modified

substrates.

4.3 Conclusion

Herein we investigated the influence of the functionalization of self-assembled monolayers
on gold on the growth of COF-5 as thin films on these substrates. For that purpose, we
first modified gold substrates with self-assembling monolayers exhibiting different terminal
functionalization. Subsequently, we grew COF-5 in a solvothermal route as thin film on the
functionalized substrates and on bare gold. It was found that all investigated substrates,
made of bare gold or featuring surface modification with SAM presenting -OH, -CH;, or
-COOH head groups, allowed for the growth of crystalline COF-5 films.

The crystallites featured preferential orientation with their c-direction being aligned
perpendicular to the substrate surface plane. This alignment was present on all substrates
but it was more pronounced on OH- and COOH-functionalized substrates than on CH;-
SAM or bare gold, indicating a growth-directing impact of the surface functionalization

with carboxylic acid or hydroxyl groups on the crystallite growth.

4.4 Experimental

All materials (if not otherwise noted) were purchased from Aldrich, Fluka, or Acros in
the common purities purum and puriss and used as received without further purification.
2,3,6,7,10,11-Hexahydroxytriphenylene (HHTP) was purchased from TCI Europe. 14-

Dioxane was purchased from Acros in 99.5% purity.

4.4.1 Methods and Characterization

Oxygen plasma cleaning was performed applying a Diener Electronic from Plasma-Surface-

Technology. The deposition of Ti and Au onto glass slides was conducted using a MBraun
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Labmaster Pro SP equipped with an Inficon SQC-310C deposition controller. The instru-
ment was placed in a nitrogen-filled glove box.

Contact angle measurements were performed on an attension instrument from Biolin
Scientific. A droplet of water was placed on the substrate while recording images. Analysis
of the images was performed with the software one attension applying a Young-Laplace
analysis mode and an air-to-water interface.

Detector scan X-ray diffraction (XRD) measurements were carried out in reflection
mode on a Bruker D8 Discover diffractometer with Ni-filtered Ka radiation (A= 1.54060 A)
and a position-sensitive detector (LynxEye) with the X-ray tube placed at a constant angle
of 0.5° 20. Two-dimensional grazing-incident wide-angle X-ray diffraction measurements
were conducted with an Anton-Paar SAXSpace system equipped with a Cu Ka microfocus
source at 50 kV and 1 mA with an Eiger Dectris R 1M 2D detector.

Scanning electron microscopy (SEM) was performed on a JEOL 6500F instrument at
acceleration voltages of 2-5 kV. The samples were coated with a thin carbon layer by
carbon fiber flash evaporation at high vacuum. Transmission electron microscopy (TEM)

data were obtained with an FEI Titan Themis at an acceleration voltage of 300 kV.

4.4.2 Preparation of Gold Substrates

The gold substrates were prepared following a procedure that was developed earlier in
our group.?’ The microscope glass slides (Menzel, 76 mm x 26 mm) were placed in a
custom-made Teflon holder and cleaned successively by ultrasonic treatment in acetone,
2-propanol, a 1 : 100 Hellmanex to water mixture, water and 2-propanol (Chromasolv),
followed by oxygen plasma cleaning for 30 min.

Subsequently, 10 nm of titanium and 100 or 40 nm of gold were thermally deposited
under high vacuum onto the microscope glass slides. Afterwards the microscope slides

were cut into 1.2 cm X 1 cm pieces.

4.4.3 Growth of Self-Assembled Monolayers on Gold Substrates

The gold substrates were cleaned by ultrasonic treatment in absolute ethanol and methanol
for 10 min each and subsequently dried in a stream of pressurized air. Afterward the slides
were placed in 20 mL of a 1 mM solution of the respective SAM (16-mercaptohexadecan-
1-0l, 1-hexadecanethiol, or 16-mercaptohexadecanoic acid) in mesitylene : dioxane 1 : 1
(v/v) and left undisturbed for 3 days. Then the slides were transferred to a fresh vial with

20 mL mesitylene : dioxane 1:1 (v/v) and stored until use.
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4.4.4 Solvothermal COF-5 Film Growth

In a typical reaction, a 40 mL glass vial with rolled rim was placed in a 100 ml Schott
Duran glass bottle and charged with 5 mL mesitylene : dioxane 1 : 1 (v/v). Benzene-
1,4-diboronic acid, BDBA (46 mg, 0.28 mmol) and 2,3,6,7,10,11-hexaxydroxytriphenylene,
HHTP (55 mg, 0.17 mmol) were added successively with minimum turbulence of the lig-
uid. The mixture was left to stand for 10 minutes to allow for a complete precipitation of
the solid material. Two clean gold-coated glass substrates were placed with the gold side
showing down in a custom-made, Il-shaped Teflon holder equipped with three slide com-
partments. The Teflon holder was slowly transferred to the glass vial. Subsequently, 1 mL
mesitylene was added and the reaction mixture was heated for 24 h at 70°C. Afterwards,

the substrates were removed from solution and dried under a stream of N,,.
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Abstract

Here we describe the synthesis and postsynthetic modification of the stable -ketoenamine
TpBD(NH,), covalent organic framework (COF), having primary amine groups integrated
into the pore walls. For this purpose we initially synthesized the nitro version of this COF,
TpBD(NO,),. Afterward, TpBD(NO,), was reduced to afford the desired framework hav-
ing primary amine functionality. We demonstrate the accessibility of the primary amine
groups and the robustness of the framework by a second modification step, the aminol-
ysis of acetic anhydride, to obtain the corresponding amide form TpBD(NHCOCH,),.
Taking advantage of the high stability of these frameworks under acidic conditions, we
study the liquid-phase adsorption of lactic acid, revealing the strong impact of a pore wall

modification on the adsorption performance

5.1 Introduction

Postsynthetic modification (PSM) of porous materials offers an effective route to incorpo-
rate functional groups into the pores and thus tailor the structural and chemical environ-
ment of the pores. This method is already established for inorganic porous materials such
as zeolites'? and hybrid materials such as metal-organic frameworks (MOFs).>* Recently,
two-dimensional covalent organic frameworks (2D COFs), an emerging class of porous
materials, have attracted much attention in this respect due to their unique ordered chan-
nel structure and their relatively large accessible pore apertures.”® Typically, in a PSM
scheme the framework must consist of organic building blocks with reactive functional
groups that can serve as anchoring points for further covalent modifications.

The direct incorporation of such functional groups into 2D COFs can be challenging
and is generally limited to those which do not inhibit the COF formation or interfere with
the m-m-interactions establishing the COF stacks.” 20

To date, only few PSM reactions have been investigated for COFs, for example, us-

21 1 22
)

ing click reactions on azide,?! allyl,??> and ethynyl.2>2% Hydroxyl groups were also modi-
fied with succinic anhydride.?6 Association of nitrogen compounds with boron atoms was
demonstrated in boron-based COFs.2729

For the development of a wider range of postsynthetic reactions, a nucleophilic func-
tional group such as a primary amine in a chemically stable COF is highly desirable.

However, it cannot be easily incorporated as a side group in COFs that are formed from
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aldehydes, boronic acids, or anhydrides as it is prone to react with the building units and

therefore is likely to inhibit the COF formation.

: NH
i

O RN
NH, 2NN NO, 2NN NHo ~¢0 O NN, S
O NO, o 0, N HN e NH o HN O N O HN O
/0 > 3
NH O oY 0 NH O NH O
OvN N O)\ HN NHz

X N HN H \n’NH Q\jj/i(ru
NO, o NH, g o
DNB O e e < e 28 e
o 0 TPBD(NO,), o =2 We TpBD(NHy)» o™ j{ TPBD(NHCOCH;), SR
NH = A N NH o
' O oo HaN O 1oy F° N O
n =z & NH Nz
ﬁ} O HN. O
i
p ‘\‘ HN’,‘NH

CHO 0 ON'
O NH & Z

HZJ@OH . \ NO, 0 NH . NH, 0
O HN 030 O HN
OH CHO
> “ ® Y “ ® s
PG NH QO O No, O HN NH o HN O NH, O
AN N N, S oy
H H
) )
HY HY

Figure 5.1: Schematic representation of the synthesis of TpBD(NO,), and postsynthetic
modification to TpBD(NH,), and TpBD(NHCOCH,)s,.

Imine-based COFs made from diamines and 1,3,5-triformylphloroglucinol that undergo
a keto-enol tautomerization upon lattice formation to form S-ketoenamines showed high
chemical stability in acidic as well as basic environments.'* The uniform pore size com-
bined with the possibility to fine-tune the chemical environment of the pore interior by
postsynthetic modification further suggests COFs of this type to be promising candidates
for selective adsorption processes. Moreover, the exceptional stability of these materials in
acidic solutions calls for applications where stability under low pH conditions is limiting
the use of other types of adsorbents.

Of particular interest is the adsorptive recovery of lactic acid, a major precursor for
biodegradable plastics.?Y Typically, lactic acid is being produced by fermentation of car-
bohydrate substrates, but its isolation from the broth generates stoichiometric amounts
of precipitated salt waste. While the demand for lactic acid is drastically increasing, this
separation problem is the main bottleneck limiting the further upscaling of the production
process.3! 33

Therefore, new materials for selective adsorption of lactic acid are in great demand.
Here we present a novel approach for the synthesis of a g-ketoenamine COF bearing an
amine functional group in the pores through a postsynthetic reduction reaction. For this
purpose, we initially synthesized the chemically stable S-ketoenamine COF TpBD(NO,),
featuring nitro functionalities in the pores serving as protective groups for the final de-
sired amino groups. The nitro groups were then reduced to afford an amine function-
alized COF, TpBD(NH,),. To demonstrate the accessibility of the amino groups in the

pores, a sequential postsynthetic modification step, the aminolysis of acetic anhydride,
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was performed to obtain the amide functionalized COF, TpBD(NHCOCH,), (Figure 5.1).
Thereby, a two-step postsynthetic modification in a COF is demonstrated for the first
time. The systematically modified frameworks were then applied in the batch adsorption
of lactic acid and the influence of the pore chemical environment on the lactic acid uptake

was studied.

5.2 Results and Discussion

The PXRD pattern of TpBD(NO,), shows an intensive reflection at 3.5° corresponding
to the (100) plane. The reflections at 6.0°, 9.4°, and ~ 26° are attributed to the (110),
(210), and (001) planes, respectively (Figure 5.2a). It is in agreement with the reported

theoretical prediction of an AA stacking arrangement.?
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Figure 5.2: (a) PXRD patterns, and (b) FT-IR spectra of TpBD(NO,), (red),
TpBD(NH,), (blue), and TpBD(NHCOCH,;), (green). (c) Nitrogen sorption isotherms
with adsorption branch (closed symbols) and desorption branch (open symbols) of
TpBD(NO,), (red circles), TpBD(NH,), (blue squares) and TpBD(NHCOCH,), (green
triangles).
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Nitrogen sorption measurements of TpBD(NO,), provided an isotherm that is a com-
bination of type I and type IV which indicates pores in the intersection between the
microporous and mesoporous range (Figure 5.2¢). This is in agreement with the calcu-
lated pore size distribution corresponding to mesopores of ~ 2.3 nm in diameter as well
as micropores of >1.6 nm in diameter (see Figure 5.3a).

The BET surface area is calculated to be as high as 639m?g~!. With a porous and
crystalline nitro-functionalized framework available, we proceeded to reduce the nitro
groups to the desired primary amines. In the reduction step, tin(II)chloride dihydrate
(SnCl,x2H,0) was employed as a reducing agent. The PXRD pattern of the obtained
material exhibits a diffraction pattern comparable to the one of TpBD(NO,), with an

intensive reflection at 3.5° (Figure 5.2a).
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Figure 5.3: Differential pore size distribution plot of (a) TpBD(NO,),, (b) TpBD(NH,),,
and (c¢) TpBD(NHCOCH,),. (d) Thermogravimetric traces of TpBD(NO,), (red),
TpBD(NH,), (blue), and TpBD(NHCOCH,), (green).

Nitrogen sorption measurements were conducted to verify pore accessibility after the
reductive treatment. They provided an isotherm similar to the one of TpBD(NO,),, at
the intersection of micro- and mesoporosity (Figure 5.2c). The BET surface area was
calculated to be as high as 643m?g~!. This confirms that porosity is retained after
the reduction process. SEM micrographs of TpBD(NH,), show spherical particles of ~
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5pm in diameter that are decorated with thin rods. This is comparable to the observed
morphology of TpBD(NO,), (Figure 5.4).

1:) “‘ b:f

Figure 5.4: Scanning electron microscopy images of TpBD(NO,), (left), TpBD(NH,),
(middle) and TpBD(NHCOCH,), (right).

In transmission electron microscopy (TEM) images, TpBD(NH, ), exhibits a polycrys-
talline structure with random crystal orientation. Projections along the c-axis show the
typical hexagonal pattern representing the 1D channels along this axis (Figure 5.5b). The
same structure was observed for TpBD(NO,), (Figure 5.5a). Thermogravimetric analysis
(TGA) indicates a major mass loss at 450 °C, attributed to the decomposition of the frame-
work, confirming that TpBD(NH,), is as thermally stable as TpBD(NO,), (Figure 5.3d).

On the basis of the above we can conclude that no distinct structural changes occurred
during the reduction of the nitro group-containing COF to the amine functionalized COF.
Determination of the tin content in the framework after the reduction by atomic emission
spectroscopy revealed a tin concentration of 0.2 - 0.3 wt%, indicating a successful removal
of the residual tin species (see Table 5.1). This observation is in line with the thermo-
gravimetric analysis as no significant residual mass is observed after the decomposition of
the framework.

Table 5.1: ICP-OES elemental analysis determination of residual tin concentration in
TpBD(NH;), at three different characteristic emission wavelengths. Samples were pre-
pared independently and measured twice.

Sample Meastrement Sn 189.927 Sn 235.485 Sn 242.950
Number (mg/g) (mg/g) (mg/g)
1 1 2.26 3.10 2.99
2 2.69 2.75 2.74
2 1 2.28 2.68 2.86
2 1.81 1.90 2.05

To study the postsynthetic modification and the amine formation, IR spectroscopy was

performed. Upon reduction to the amine, the characteristic NO, stretching vibrations of
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Figure 5.5: Transmission electron microscopy images of (a) TpBD(NO,),, (b)
TpBD(NH,),, and (c) TpBD(NHCOCH,),.

the nitro group of TpBD(NO,), at 1511 cm ™! (asymmetric) and 1336 cm ™! (symmetric) are
strongly reduced, and a signal at 1291 cm~! that corresponds to the C-N stretch vibration
of a primary amine arises in the IR spectrum. This supports the successful reduction of
the nitro group to the corresponding primary amine (Figure 5.2b). To further investigate
the amine formation, we acquired cross-polarized ’N solid-state NMR spectra (ssNMR).
TpBD(NO,), shows one signal at ppm, corresponding to the secondary amine connecting
the COF backbone. However, in TpBD(NH,), a second signal is present at -344 ppm,
which is assigned to the aromatic primary amine (Figure 5.6a).

We can therefore conclude that we have successfully achieved the NH,-pore function-
alization in the COF. To address the accessibility of the amino groups for postsynthetic
modification in the pore system, we performed a sequential aminolysis reaction of pure
acetic anhydride to form an amide bond at the pore walls.?* PXRD measurement confirmed

a crystalline TpBD COF structure (Figure 5.2a). All previously assigned reflections are



214 5. Sequential PSM in COFs for Lactic Acid Adsorption

(a) (b)
o 3 .
T ) T T ) T LI B L L I IR I |
0 -200 -400 -600 300 250 200 150 100 50 O -50 -100
Chemical shift (ppm) Chemical shift (ppm)
(c) (d)
| LELELE ILALLE I B UL I S L f T T T T T T T 1
300 250 200 150 100 50 O -50 -100 300 250 200 150 100 50 O -50 -100
Chemical shift (ppm) Chemical shift (ppm)

Figure 5.6: (a) N solid state NMR spectra of TpBD(NO,), (red), TpBD(NH,), (blue)
and TpBD(NHCOCH,;), (green). '3C solid state NMR spectra of TpBD(NO,), (b),
TpBD(NH,), (c), TpBD(NHCOCH,), (d).

present in the X-ray diffraction pattern of TpBD(NHCOCH,),. SEM analysis of the COF
powder revealed that the general TpBD-COF morphology of a spherical shape decorated
with thin rods was maintained during the different treatment steps (Figure 5.4). TEM
analysis showed the typical honeycomb structure of a highly ordered COF material (Fig-
ure 5.5¢). TGA measurements indicate a thermal stability that is similar to the nitro and
the amino COF forms (see Figure 5.3d).

The successful formation of intra-COF amide bonds was investigated by IR and ss-
NMR spectroscopy. In the IR spectrum of TpBD(NHCOCHS,), a vibrational mode ap-
pears at 1674cm™! that is characteristic for C=0 stretch vibrations of amides (Fig-
ure 5.2b). 15N solid state NMR measurements reveal only one signal in the spectrum of
TpBD(NHCOCH,), at -252 ppm, which can be assigned to a secondary amine. The signal
of the primary amine, which was present at -334 ppm in TpBD(NH,),, has completely
disappeared as a result of the amide formation (Figure 5.6a). In the C ssNMR spec-



5.2 Results and Discussion 215

trum, the amide side group is visible (see Figure 5.6d). Nitrogen sorption measurements
of TpBD(NHCOCH,), provide a Type I isotherm, which is characteristic for microporous
materials (Figure 5.2c). This observation corresponds with the pore size distribution cal-
culation predicting some mesopores and a large contribution of micropores (Figure 5.3¢).
As a result of the presence of additional groups in the pores, the BET surface area is
reduced to 519m? g~ upon postsynthetic modification with acetic anhydride.

After the successful synthesis of TpBD COF with different functional groups in the
pore system, we examined these chemically very stable networks in an acidic adsorption
application, the batch adsorption of lactic acid. For each of the three functionalized
COFs, a lactic acid adsorption isotherm was measured (Figure 5.7a). These isotherms
were recorded by high-performance liquid chromatography from aqueous solutions at their
natural pH (pH 2.2 for a 0.1 M lactic acid solution). Different isotherm shapes can clearly
be observed for the three materials. TpBD(NH,), and TpBD(NHCOCH,), display type I
isotherms with uptakes of up to 6.6 and 4.0 wt%, respectively.

In contrast, the isotherm of TpBD(NO,), is linear with a highest measured uptake
of 2.5 wt%. After the adsorption experiments the respective COFs were collected by
centrifugation and washed with water and acetone. PXRD measurements indicate that
the COFs maintained their crystalline structure throughout the adsorption experiment
(Section 5.2).

While the high concentration range of the isotherm yields information about the ca-
pacity of the COF for lactic acid, the slope of the isotherm linear fit in the low con-
centration range reflects the affinity of the frameworks for lactic acid (Figure 5.7b). In-
terestingly, the affinity follows the same trend as the uptake with the highest value ob-
served for TpBD(NH,), (3.4Lmol™!), followed by TpBD(NHCOCHS,;), (1.7 Lmol™!) and
TpBD(NO,), (0.1Lmol™!). As lactic acid is a small polar molecule with both H-bond
donor and acceptor atoms, one can link the different adsorption performances of the ma-
terials to their different H-bonding properties. Therefore, the presence of H-bond donating
and accepting amino groups lining the pores results in a substantially higher affinity for
lactic acid compared to a host with nitro groups offering only H-bond acceptor properties.
These results clearly show that lactic acid adsorption can be tuned by the chemical pore

environment.
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Figure 5.7: (a) Lactic acid adsorption isotherms from aqueous solutions at natural pH,
and (b) detail of the low concentration range and linear fit of the lactic acid adsorption
isotherms of TpBD(NO,), (red), TpBD(NH,), (blue) and TpBD(NHCOCH,), (green).
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Figure 5.8: PXRD patterns of the TpBD-COFs before and after batch adsorption of
lactic acid. Subsequent to the adsorption experiments the powders were collected by
centrifugation, washed with water and acetone and PXRD patterns were recorded.

5.3 Conclusion

We have demonstrated the synthesis of a NH,-pore-functionalized COF through a postsyn-
thetic reduction step as well as the further chemical modification of this functional group.
For this purpose, we synthesized the chemically stable imine-based covalent organic frame-
work TpBD(NO,),. The reduction of the nitro groups led to the TpBD(NH,), framework
while retaining the crystallinity and porosity of the original COF. We further investigated
a subsequent modification step of TpBD(NH,), with acetic anhydride, resulting in the
amide functionalized TpBD(NHCOCH,),.

Lactic acid adsorption experiments showed that the affinity for lactic acid could be

successfully increased by postsynthetic modification of the functional side groups in the
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COF pores. To the best of our knowledge, this study represents the first demonstration of
a two-step postsynthetic modification in a covalent organic framework. Our model reaction
also shows that TpBD(NH,), is a promising platform for further modification experiments
and that multistep postsynthetic modification protocols are a feasible route for pore wall
functionalization in COFs.

The successful uptake of lactic acid from diluted aqueous solutions combined with
the striking influence of the pore-wall functional groups on the affinity for the adsorbate
reveals the great potential of pore functionalization of COF materials for liquid-phase
adsorption processes. A large increase in affinity of the framework for lactic acid upon
reduction of the nitro group to the amine also demonstrates the benefit of a primary amine
functionalization in a COF for H-bonding interactions with adsorbates. We are currently
expanding the postsynthetic reaction pathway to a broader range of reactions and the

incorporation of additional functionalities.

5.4 Experimental

All materials (if not otherwise noted) were purchased from Aldrich, Fluka, or Acros in the
common purities purum and puriss and used as received without further purification. The
building block TPG was synthesized according to a method described by Yelamaggad et

al. Analytical data were found to match literature data.?

5.4.1 COF Synthesis of TpBD(INO5),

The nitro functionalized COF TpBD(NO,), was previously reported by Baner-
jee and co-workers.!® It is synthesized through a condensation reaction of 1,3.5-
triformylphloroglucinol (TPG) and 3,3'-dinitrobenzidine (DNB) in a mesitylene and 1,4~
dioxane solvent mixture in the presence of 3 M aqueous acetic acid under solvothermal
conditions. Here, we synthesized TpBD(NO,), using anisole as a single solvent in the
presence of 12 M acetic acid. 1,3,5-Triformylphloroglucinol (50.4 mg, 0.23 mmol) and
3,3'-dinitrobenzidine (85.5 mg, 0.31 mmol) followed by 8 mL of dry anisole and 2 mL of 12
M AcOH were placed in a 25 mL Schott Duran glass bottle with a Teflon sealed PBT cap.

The reaction mixture was heated for 96 h at 120°C. A reddish brown precipitate
was filtered off and washed with 100mL of acetone. The obtained COF powder was
resuspended in 5mL of anisole in a 25 mL Schott Duran glass bottle and heated at 120 °C
for 24 h. Afterward the COF powder was filtered and washed with 100 mL of acetone to
afford the COF in 90% yield.
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5.4.2 Postsynthetic Modifications

5.4.2.1 Reduction of TpBD(NO;), to TpBD(NH,),

A total of 3 g of SnCl, x ,H,O was dissolved in 5 mL of dry THF and added to 150 mg
of TpBD(NO,), in a 100 mL round bottomed flask. The reaction mixture was heated
under reflux for 3 h. The brown solid was centrifuged and suspended in 10 mL of 1 M
hydrochloric acid. Afterward, the precipitate was washed 10 times with 70 mL of 1 M
hydrochloric acid, 3 times with 70 mL of water, and one time with acetone (100 mL).
Then the obtained reddish brown COF powder was resuspended in 5 mL of anisole in a
25 mL Schott Duran glass bottle. The suspension was heated at 120 °C for 24 h. Finally,
the COF powder was filtered and washed with 100 mL of acetone.

5.4.2.2 Postsynthetic Modification to TP BD(NHCOCHj3;),

A total of 150 mg of TpBD(NH,), was placed in a round bottomed flask in a preheated
oil bath at 100°C. Acetic anhydride was added, and the mixture was allowed to react at
100°C under reflux conditions for 10 min. Afterward, the product was allowed to cool
down to room temperature, filtered off, and washed with water and acetone to yield a
brown powder. Subsequently, it was resuspended in 5 mL of anisole in a 25 mL Schott
Duran glass bottle and heated at 120 °C for 24 h. Then the COF powder was collected by

filtration and washed with 100 mL of acetone.

5.4.3 Batch Adsorption

Liquid-phase batch adsorption experiments were carried out at 25°C in 1.8 mL glass vials
filled with 25 mg of adsorbent and 1.8 mL of a lactic acid solution in demineralized water.
In a standard procedure, the materials TpBD(R); (R = NO,, NH,, NHCOCH,) were
pretreated at 100°C in an oven overnight under atmospheric conditions. Uptakes were
directly calculated from high performance liquid chromatography (HPLC) data obtained
with an Agilent 1200 HPLC equipped with a Bio-Rad Aminex HPX-87H column (300 X
7.8 mm) at 30 °C with 35 mM H,PO, in Milli-Q water as mobile phase flowing at a rate
of 0.6 mLmin~!. The column was connected to a UV-detector operating at a wavelength
of 212 nm. Adsorption isotherms were constructed by plotting the uptake, in weight %,
versus the residual concentration in solution. The initial slopes of the isotherms were

determined by fitting a straight line through the first data points including the origin.
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5.4.4 Characterization

Fourier transform infrared (FT-IR) spectra were recorded on a Thermo Scientific Nicolet
6700 spectrometer in the scan range 650-4000 cm~!. The samples were prepared as KBr
pellets. Nitrogen sorption was measured with a Quantachrome AUTOSORB-1 station at
77.3 K after degassing the sample for at least 12 h under vacuum at 120 °C. The Brunauer-
Emmett-Teller (BET) surface areas were calculated from the adsorption branch. The range
for the calculation was p/py = 0.05-0.2 for TpBD(NO,), and TpBD(NH,), and p/py =
0.005-0.1 for TpBD(NHCOCH,),. Pore sizes were calculated with a QSDFT adsorption
model of N, on carbon (cylindrical/slit pore model, adsorption branch). Powder X-ray
diffraction (PXRD) measurements were carried out in reflection mode on a Bruker D8
Discover diffractometer with Ni-filtered Ka-radiation (A = 1.54060 A) and a position-
sensitive detector (LynxEye).

Scanning electron microscopy (SEM) was performed on a JEOL 6500F instrument at
acceleration voltages of 2-5 kV. The samples were coated with a thin carbon layer by
carbon fiber flash evaporation at high vacuum. Transmission electron microscopy (TEM)
data were obtained with a FEI Titan Themis at an acceleration voltage of 300 kV. Atomic
emission spectroscopy for the tin content determination was performed on a Varian Vista
RL Simultaneous ICP-AES instrument equipped with a CCD detector. The samples were
dissolved in aqua regia. UV-vis spectra were recorded using a PerkinElmer Lambda 1050
spectrometer equipped with a 150 mm integrating sphere and InGaAs detector. Diffuse
reflectance spectra were collected with a Praying Mantis (Harrick) accessory and were
referenced to barium sulfate as a white standard.

Cross-polarized *C and "N solid-state NMR (ssNMR) measurements were performed
on a Bruker Avance III-500 spectrometer in a 4 mm ZrO, rotor with a spinning rate
of 10 kHz. Thermogravimetric analyses (TGA) were recorded on a Netzsch STA 440 C
TG/DSC. The measurements proceeded at a heating rate of 10°C/min up to 900°C, in a

stream of synthetic air of about 25 mL min~!.
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5.5 Appendix

5.5.1 FT-IR spectra
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Figure 5.9: FT-IR spectra of TpBD(NO3); (red), TpBD(NHj), (blue) and
TpBD(NHCOCHj;), (green).

Table 5.2: Assignment of IR bands

Wavenumber (cm™) Assignment

1679 C=0 (amide)

1587 C=C (at Tp linker)
1511 NO; (asym)

1336 NOg (sym)

1291 primary amine)

C-N (
1210 C-N (backbone)
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5.5.2 UV-Vis spectra
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Figure 5.10: UV-Vis spectra of (a) TpBD(NOs); (red), TpBD(NHj), (blue) and

TpBD(NHCOCH3), (green), and (b) the building blocks of TpBD(NOs),, recorded from
powders in diffuse reflectance.
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5.5.3 COF synthesis attempt with 3,3'-diaminobenzidine as an
alternative route to TpBD(NH>)-

To test the possibility of a direct synthesis of TpBD(NH;), via an amine functionalized
linker, we performed a COF synthesis with 3,3'-diaminobenzidine (Figure 5.12), the amino
functionalized equivalent of 3,3'-dinitrobenzidine under the same conditions as used for
the synthesis of TpBD(NO,)s. For this purpose, 1,3,5-triformylphloroglucinol (50.4 mg;,
0.23 mmol) and 3,3'-diaminobenzidine (85.5 mg, 0.31 mmol) were placed a 25 ml Schott
Duran glass bottle with a teflon sealed PBT cap. To this mixture, 8 ml dry anisole and
2 ml 12M AcOH were added and the reaction mixture was heated for 96 h at 120 °C.
A dark brown precipitate was filtered off and washed with 100 ml acetone. Subsequent
PXRD measurement confirmed the expected non-crystalline structure of the product (see

Figure 5.11).

HoN OI OH
- N
N e+ TPBD(NH,),
HO' OH
NH2 7,
(0]
3,3'-Diaminobenzidine 1,3,5-Triformylphloroglucinol

Figure 5.11: Reaction scheme for a proposed direct synthesis of TpBD(NHs),.
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Figure 5.12: PXRD pattern of the reaction product formed from 3,3'-diaminobenzidine
and 1,3,5-triformylphloroglucinol.
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Abstract

The optical absorption over a broad range of the visible spectrum is one of the key fac-
tors for the potential application of covalent organic frameworks (COFs) in optoelectronic
devices. Herein we report the postsynthetic extension of the optical absorption range
of a covalent organic framework via azo coupling. For this purpose, the previously re-
ported amino-functionalized COF TpBD(NH,), was subjected to azo coupling with N,N-
dimethylaniline (DMA) and diphenylamine (DPA), respectively. The degree of modifica-
tion could be tuned from an only partial conversion of the amino groups to a quantitative
azo group formation by varying the amount of coupling agent. The impact of the forma-
tion of azo moieties in the COF pores on the optical absorption was investigated. When
diphenylamine is used as coupling partner, a strong bathochromic shift of the COF ab-
sorption can be observed, demonstrating the applicability of postsynthetic modification

for the shift of optical absorption in COFs.

6.1 Introduction

COFs are a class of porous organic structures synthesized by reversible reactions leading
to a regular arrangement of their molecular building blocks. They feature a regular pore
structure with a defined pore environment.' % Although the selection of the geometry and
functionalization of the building units enables the fine-tuning of the physical and chemical
properties of the resulting networks, the choice of building blocks for COF synthesis is
limited to those that do not interfere with the COF formation reaction, and that exhibit
sufficient solubility in the reaction medium. In the case of two-dimensional (2D) COFs
relying on stacking of building blocks via m-m-interactions, this restricts the incorporation
of spatially demanding side groups that may inhibit the m-m-interactions and thereby the
stacking of the 2D COF sheets. The postsynthetic modification of covalent organic frame-
works is a powerful strategy to address this challenge. Thereby, a COF is first synthesized
with a functional group that is relatively small and inactive in the COF formation reaction.
This functionality then serves as starting point for a one- or multiple-step modification of
the already established COF lattice.

To date, the scope of modification reactions reported for COFs is still quite limited.
Frequently used reactions are the click reaction of azides with alkynes,”!* the thiol-ene
reaction between an allyl and a thiol,!*!® and reactions using a hydroxyl group as starting

point which is then modified with succinic anhydride in a ring opening reaction,'¢ with
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carbonyl chlorides,'” with glycidol under epoxy ring opening'® or with an alkyl bromide
in a Williamson ether synthesis, respectively.!?

Recently, we reported the reduction of the nitro groups of the COF TpBD(NO,), to
primary aromatic amines in the COF TpBD(NH,), as a feasible route to establish these
versatile functional groups in a chemically stable COF.2° The amino groups were then
applied in lactic acid adsorption and for the further reaction with acetic anhydride to

establish amide groups, representing the first two-step postsynthetic modification in a

COF.
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Figure 6.1: Schematic representation of the azo coupling reaction of TpBD(NH,), with
N, N-dimethylaniline to TpBD(DMA), and with diphenylamine to TpBD(DPA),.

COFs have received considerable attention because of their potential application in var-

ious fields such as gas storage, 21?2 catalysis,'>?>?* and electrochemical energy storage.?” 2"

The covalent construction and the stacking in regular columns have made 2D COFs espe-

cially interesting for potential applications in optoelectronics.?®?° For example, to control
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light harvesting behavior, a broadening of the absorption range in covalent organic frame-
works may be achieved by a suitable postsynthetic modification reaction.

Herein we aim to increase the optical absorption range of a COF by postsynthetic
azo coupling. For this purpose, the stable COF TpBD(NH,), bearing primary aromatic
amines is applied as starting material. In the first step, sodium nitrite serves as diazotation
agent to establish diazonium units at the COF pore walls. In a second step, these moieties
are coupled with N, N-dimethylaniline and diphenylamine, respectively (Figure 6.1). The
effect of the modification on the optical absorption on the COFs is studied for different

ratios of coupling agent used in the reaction.

6.2 Results and Discussion

Azo coupling on primary amines is a two-step process. First, a diazotation is performed
to establish diazonium (—N=N-—) moieties. These groups are unstable at higher tempera-
tures and would decompose under cleavage of N, to leave the COF with hydroxyl groups,
if water is present. Therefore, the coupling agents, N, N-dimethylaniline or diphenylamine
were introduced in situ to the reaction. In order to limit the fraction of amine groups that
undergo azo coupling, we limited the amount of the diazotation agent NaNO, while the

coupling agent was always added in excess.
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£ £
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Figure 6.2: PXRD patterns of TpBD(NH,), (blue) and azo coupling products
TpBD(DMA), (a) and TpBD(DPA), (b).

In a typical reaction, the diazotation agent NaNO, was applied in THF at —15°C
to —5°C for 90 minutes. The coupling reagent was then added slowly and the coupling
reaction was allowed to take place in the next 24 h. Subsequently, the COF was filtered
off and washed with acetone. Powder X-ray diffraction was perfomed to evaluate the

integrity of the frameworks. The PXRD patterns of TpBD(NH,), and the coupling prod-
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Figure 6.3: Spectroscopic characterization. Raman spectra of TpBD(NH,), (blue) and
the coupling products (a) TpBD(DMA), and (b) TpBD(DPA), obtained with different
reagent ratios, (c¢) IR spectra, and (d) TGA traces of the COFs.

ucts TpBD(DMA), and TpBD(DPA), are depicted in Figure 6.2. TpBD(NH,), features
a strong reflection at 3.5° that is attributed to the (100) plane and smaller peaks at 6.0°,
9.4°, and & 26° that correspond to the (110), (210), and (001) planes, respectively.

After the azo coupling, the above peaks are still visible in the PXRD patterns, although
the intensity of the (100) reflection is significantly decreased for high coupling yields. This
reduction of the reflections in the PXRD pattern is partially attributed to the filling of
the pores with the organic substituents, an effect comparable to solvent filling that was
previously reported to change the signal intensities of the reflections in COF-1,° thus
decreasing the X-ray contrast. This change in XRD peak intensity has been reported
previously for the postsynthetic modification of COFs.”? In addition, the crystalline order
of the COFs is also reduced at high coupling levels (see below).

Raman and FTIR spectra show the established azo linkage upon the postsynthetic
modification of TpBD(NH,), with the different coupling partners. In the infrared spectra,
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a decrease of the NH, stretching vibration band at 1291 cm™*

is visible, showing the
conversion of the primary amine, see Figure 6.3c. As the vibrations of azo groups are
IR inactive, Raman spectroscopy was applied to investigate the nature of the established
bonds in the coupling reaction products. The analysis of the Raman spectra was performed
following the peak assignments of protonated and unprotonated azo dyes, reported by
Bisset et al.3! and Otal et al.3® Upon azo coupling, the C—N stretch vibration band of

1

the primary amine at 1293 cm™ vanishes for both tested coupling agents, indicating a

quantitative conversion of the amino group.
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Figure 6.4: "3C solid state NMR spectra of (a) TpBD(NH,),, (b) TpBD(DMA),, and (c)
TpBD(DPA),.

The azo coupling with N, N-dimethylaniline leads to the rise of a strong band at 1623
cm ! in the Raman spectrum that corresponds to C=C and C=N vibrations in the quinoid
ring system in the protonated form of the azo compound (see Figure 6.3a). Similarly,
signals at 1261 cm™! and 1173 cm™! can be assigned to v (NNH) and v (N=N) of the
protonated species (see Figure 6.9a), respectively.

Upon azo coupling of TpBD(NH,), with diphenylamine, the band of the the NH,

stretching vibration is decreased in the infrared spectrum (Figure 6.3¢c), indicating a reac-
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Figure 6.5: Nitrogen sorption isotherms with adsorption branch (closed symbols) and
desorption branch (open symbols) of (a) TpBD(DMA),: precursor COF TpBD(NH,),
(blue), TpBD(DMA), 25% (purple), TpBD(DMA), 100% (orange); (b) TpBD(DPA),:
precursor COF TpBD(NH,), (blue), TpBD(DMA), 25% (dark purple), TpBD(DMA),
100% (bright purple).

tion of the amino group similar to the reaction with N, N-dimethylaniline. In the Raman
spectrum (Figure 6.3b), C=C and C=N vibrations of the diphenylamine resonance struc-
ture (Figure 6.9b) lead to the rise of a strong signal at 1621 cm~!. The signal at 1261
cm~! can be attributed to the v (NNH) vibration of the protonated azo group.

The formation of azo compounds was also verified with '3C solid state NMR measure-
ments. In the *C NMR spectra of TpBD(DMA), and TpBD(DPA),, a strong signal of
the azo coupling partners DMA and DPA is present at 122 ppm, which is absent in the
starting material TpBD(NH,),. Furthermore, the signal of the carbon atom at the amino
functional group is shifted from 135 ppm to 132 ppm upon azo coupling in both reactions
(Figure 6.4).

Thermogravimetric analysis (TGA) traces show a similar thermal stability for
fully modified frameworks of TpBD(DMA),, TpBD(DPA),, and the starting material
TpBD(NH,),, indicating no decrease of the thermal stability of the COFs upon post-
synthetic azo coupling (Figure 6.3d).

Nitrogen sorption measurements were performed to investigate the porosity of the azo
coupling products. The amino functionalized COF TpBD(NH,), revealed an isotherm
that represents a combination of Type I and Type IV, indicating a pore size between
the mesoporous and the microporous range, in agreement with the calculated pore size
distribution (Figure 6.11) and our previous report on this compound.?® The azo coupling
products showed strongly decreased BET surface areas already for the 25% converted

products of only 113 m? g=! for TpBD(DMA), 25% and 74 m? g~! for TpBD(DPA), 25%.
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Figure 6.6: Transmission electron microscopy images of (a) TpBD(DPA), 25%, (b)
TpBD(DPA), 100%.

In the samples obtained upon quantitative conversion, the surface areas decreased even
more to 9 and 28 m? g~! for the 100% converted coupling products with DMA and DPA,
respectively, leading to almost non-porous products (Figure 6.5).

Scanning electron microscopy (SEM) micrographs of TpBD(NH,), show spherical par-
ticles decorated with thin rods. After the postsynthetic azo couplings a partial deteriora-
tion of the structural integrity was observed that was most pronounced for fully modified
products (Figure 6.10). These observations indicate a gradual degradation of the COF
structure for higher degrees of modification.

Transmission electron microscopy (TEM) images were recorded for partially (25%)
modified and 100% modified TpBD(DPA),. In TpBD(DPA), 25% (Figure 6.6a), the
hexagonal pores of the COF are visible, demonstrating the still highly ordered charac-
ter of the partially modified structure. We furthermore measured a fully modified sample
of TpBD(DPA), 100% to investigate if the reduction of XRD signal intensity might origi-
nate from a delamination of the COF layers to single sheets that are aligned in a random
fashion. In TpBD(DPA), 100% (Figure 6.6b) no crystalline order could be observed, but
the COF appears to consist of thick, agglomerated material. Apparently, the individual
sheets of the COF are still assembled after postsynthetic modification, but they may be
offset or rotated such that sheet-to-sheet correlation and long-range order is reduced.

UV-vis diffuse reflectance spectra of the modified COF powders were recorded to in-
vestigate the impact of the azo functionalization on the optical absorption of the COFs.
Figure 6.7 shows the diffuse reflectance spectra of DMA-modified COF. For the modifica-
tion with 25% to 75%, no distinct change in the optical adsorption can be detected while
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for the 100% modified sample, the absorption onset is even shifted to lower wavelengths.

This might indicate a less efficient electronic layer-to-layer coupling in the disordered state

of the COF.
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Figure 6.7: UV-Vis spectra of TpBD(NH,), (blue) and TpBD(DMA), 25% to
TpBD(DMA), 100%, recorded from powders in diffuse reflectance.

In contrast, postsynthetic modification with DPA leads to a bathocromic shift of the
absorption that is most pronounced for the sample with 50% modification (Figure 6.8).
Similar to the modification with DMA, a hypsochromic shift is observed with DPA when
the modification degree is further increased, leading to an absorption onset of the 100%
samples that is lower than for the unmodified COF, an effect that we attribute to a partial
structural disintegration of the COF structure at high modification yields, indicating less
efficient electronic layer-to-layer coupling in the disordered state. The COF with 50%
modification exhibits the largest red shift of the optical absorption, representing an op-

timum between the degree of modification and the structural integrity of the resulting

COF.
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Figure 6.8: UV-Vis spectra of TpBD(NH,), (blue) and TpBD(DPA), 25% to TpBD(DPA),
100%, recorded from powders in diffuse reflectance.

6.3 Conclusion

Postsynthetic azo coupling with N, N-dimethylaniline and diphenylamine was performed
on the NH, groups of the [-ketoenamine COF TpBD(NH,),. We were able to achieve
quantitative conversion with both coupling partners. To the best of our knowledge, this
represents the first application of azo coupling reactions for the postsynthetic modification
of COFs.

While the postsynthetic modification of TpBD(NH,), with N, N-dimethylaniline had
only a small impact on the UV-vis adsorption of the COF, a significant bathochromic shift
of the adsorption onset was observed for the COF modified with diphenylamine, with a
maximum shift for a COF with 50% modification. With this reaction pathway, we could
demonstrate the ability of postsynthetic modifications to tune the optical absorption range

of a Covalent Organic Framework.

6.4 Experimental

All materials (if not otherwise noted) were purchased from Aldrich, Fluka, or Acros in the

common purities purum and puriss and used as received without further purification. The
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building block TPG was synthesized according to a method described by Yelamaggad et

al.3® Analytical data were found to match literature data.

6.4.1 Methods and Characterization

Fourier transform infrared (FT-IR) analysis was performed on a Thermo Scientific Nico-
let iN10/iZ10 IR microscope reflection-absorption mode with a liquid-N, cooled MCT-A
detector in the scan range 650-4000 cm~!. FT-Raman spectra were recorded on a Bruker
Equinox 55 equipped with an Nd:YAG laser of 1064 nm wavelength at a laser power of 10
mW. Nitrogen sorption was measured with a Quantachrome AUTOSORB-1 station at 77.3
K after degassing the sample for at least 12 h under vacuum at 120 °C. The Brunauer-
Emmett-Teller (BET) surface areas were calculated from the adsorption branch. The
range for the calculation was p/py = 0.05-0.2 for TpBD(NH,), and p/po = 0.005-0.1 for
the azo coupling products. Pore sizes were calculated with a QSDFT adsorption model of
N, on carbon (cylindrical pore model, adsorption branch). Pore size determination was
conducted with a QSDFT adsorption model of N, on carbon (cylindrical/slit pore model,
adsorption branch).

Powder X-ray diffraction (PXRD) measurements were carried out in reflection mode
on a Bruker D8 Discover diffractometer with Ni-filtered Ko radiation (A= 1.54060 A)
and a position-sensitive detector (LynxEye). Scanning electron microscopy (SEM) was
performed on a JEOL 6500F instrument at acceleration voltages of 2-5 kV. The samples
were coated with a thin carbon layer by carbon fiber flash evaporation under high vacuum.
Transmission electron microscopy (TEM) data were obtained with a FEI Titan Themis at
an acceleration voltage of 300 kV.

UV-vis measurements were performed using a PerkinElmer Lambda 1050 spectrometer
equipped with a 150 mm integrating sphere and InGaAs detector. Diffuse reflectance
spectra were recorded applying a Praying Mantis (Harrick) accessory. Barium sulfate was
used as a white standard. Cross-polarized '*C solid-state NMR, (ssNMR) measurements
were performed on a Bruker Avance III-500 spectrometer in a 2.5 mm ZrO,, rotor with a
spinning rate of 20 kHz. Thermogravimetric analyses (TGA) were recorded on a Netzsch
STA 440 C TG/DSC. The measurements proceeded at a heating rate of 10 °C/min up to

900 °C, in a stream of synthetic air of about 25 mL/min.
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6.4.2 Synthesis of TpBD(DMA),

TpBD(NH,), was prepared following a procedure reported earlier by us.? For the postsyn-
thetic modification to TpBD(DMA),, 10 mg TpBD(NH,), (corresponding to 0.062 mmol
NH, groups) was suspended in 0.8 mL dry THF in a culture tube and cooled down to
—15°C in an ice/NaCl bath under moderate stirring of 300 rpm. To this, 0.09 mL of 2 M
HCI solution were added. For a 100% modification, a solution of 4.3 mg (0.062 mmol)
NaNO, in 0.1 mLofa 1:1 (v/v) THF/H,O mixture was added dropwise and the mixture
was kept in the temperature range of —15°C to —5°C for 90 min.

Subsequently, 43 nl. (0.37 mmol) of N,N-dimethylaniline was added and the reaction
mixture was kept below —5°C for 2 h. Afterwards, it was allowed to warm to room
temperature under stirring (300 rpm) overnight. The red brown solid was filtered off,

washed with acetic acid (10 mL) and acetone (20 mL) and dried under vacuum.

6.4.3 Synthesis of TpBD(DPA),

TpBD(NH,), was prepared following a procedure reported earlier by us.?** 10 mg
TpBD(NH,), (corresponding to 0.062 mmol NH, groups) was suspended in 0.8 mL dry
THF in a culture tube and cooled down to —15°C in an ice/NaCl bath under stirring with
a speed of 300 rpm.

To this mixture, 0.09 mL of 2 M HCI solution were added dropwise, followed by a
solution of 4.3 mg (0.062 mmol) NaNO, (for a 100% modified sample) in 0.1 mL ofa 1:1
(v/v) THF/H,O mixture. The reaction mixture was kept in the temperature range of
—15°C to —5°C for 90 min. Afterwards, 62 mg (0.37 mmol) of diphenylamine in 1 mL
acetic acid were added dropwise and the reaction mixture was allowed to warm up to room
temperature overnight under moderate stirring of 300 rpm. Subsequently, the precipitate
was filtered off and washed with acetic acid (10 mL) and acetone (20 mL) and dried under

vacuulll.
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6.5 Appendix

6.5.1 Protonation Equilibria
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Figure 6.9: Protonation equilibria of (a) TpBD(DMA), and (b) TpBD(DPA)s,.
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6.5.2 Scanning Electron Microscopy Images

2

Figure 6.10: Scanning electron microscopy images of (a) TpBD(NH,),, (b) TpBD(DMA),
50%, (c¢) TpBD(DMA), 100%, (d) TpBD(DPA), 50%, (e) TpBD(DPA), 100%.
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6.5.3 Pore Size Distribution of TpBD(INH,),
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Chapter 7

Conclusion and Outlook

In this work structural aspects regarding the formation of covalent organic frameworks
(COFs) have been investigated, with a view on the formation of oriented films and the
impact of side groups on the crystallinity of COFs in powder materials. Furthermore, the
variety of structures and the scope of application of COFs have been broadened by the
development of postsynthetic modifications of these frameworks.

Chapter 2 provided a comprehensive overview over the COF structures reported to
date alongside with the development of synthesis techniques and the different fields of
applications for COFs.

In a systematic study, the impact of the incorporation of ethoxy (OEt) side groups
into the framework of BDT-COF has been investigated (Chapter 3). To this end, the
ethoxy-functionalized benzodithiophene COF BDT-OEt was synthesized and a structural
series with increasing fractions of OEt-functionalized linker has been prepared. It was
found that for all compositions, a crystalline and porous structure is achieved, while the
pore size is decreasing with increasing OEt content due to the OEt groups pointing into
the pores. Furthermore, the crystallite domain size is decreasing with increasing OEt
amount, indicating a disturbing influence of the OEt groups on the structural order in
the framework. Moreover, the ratio of the building units in the framework could be
determined prior to COF synthesis allowing for a fine tuning of the COF’s properties.
Molecular dynamics simulation and DFT calculations showed a preferential orientation of
the oxygen in the ethoxy side chains towards the BDT sulfur and a facilitated lateral offset
of the COF layers upon insertion of OEt-functionalized BDT.

Furthermore, the impact of different terminal functional groups of self-assembled mono-
layers on gold on the solvothermal growth of thin films of COF-5 was investigated (Chapter
4). While on all substrates oriented films were formed where the COF sheets were aligned
parallel to the substrate surface, for COF films grown on SAMs terminated with -OH or
-COOH groups, a particularly high degree of order was observed by GID measurements,
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compared to functionalization with alkyl chains or on bare gold. This finding indicates
that the SAM terminal OH- and COOH-groups might act as modulators in the growth of
boronic ester COF thin films to produce an improved alignment of the COF crystallites.
The enhanced orientation of the crystallites found for COF-5 grown on OH- and COOH-
terminated SAMs may be applied for the formation of COF films with a higher degree of
order and thus improve the quality and functionality of COF films.

In the second part of this thesis, the spectrum of COF structures was expanded by post-
synthetic modification reactions, thereby further tuning the properties of the frameworks.
In Chapter 5, the postsynthetic formation of aromatic NH,-groups in a COF was demon-
strated. First, the chemically highly stable [-ketoenamine-linked COF TpBD(NO,),
was synthesized. Subsequently, the nitro groups were reduced to yield the framework
TpBD(NH,), while retaining the crystallinity and porosity of the COF. The chemical ac-
cessibility of the established amino groups was demonstrated by a sequential modification
step, the reaction with acetic anhydride to form the amide COF TpBD(NHCOCH,;),. This
exemplary modification demonstrates the feasibility of two subsequent postsynthetic mod-
ification reactions in a COF network, which were demonstrated in this work for the first
time. The high chemical stability of the frameworks was then utilized to study the task of
lactic acid adsorption in the pore system in the liquid phase. A strong impact of the pore
functionalization on the lactic acid uptake was found with a strong increase in capacity
upon the reduction of the nitro groups to the primary amines. This demonstrates the
benefit of primary amines as functional groups in COF pores for H-bonding interactions
with guest molecules.

Based on the above findings, the newly synthesized NH,-functionalized COF
TpBD(NH,), was then post-synthetically modified to increase the light absorption range
of the COF in the visible region (Chapter 6). For this purpose, a two-step azo coupling
reaction was employed to connect amines via azo linkages to the COF. A quantitative
conversion to the azo-functionalized COF was reached both with N,N-dimethylaniline
and diphenylamine. With the partial introduction of diphenylamine, a bathochromic shift
of the UV-vis adsorption onset of the COF was achieved, thus accomplishing the postsyn-
thetic tuning of the optical absorption of a COF.

In summary, the structural impact of side chains in the linkers as well as substrate
modifications on the growth of COFs have been investigated in this thesis. The reported
postsynthetic formation of primary aromatic amines as functional groups at the pore walls

of a chemically highly stable COF provides a versatile starting point for further postsyn-



249

thetic modifications. Together with the azo coupling reaction developed in this thesis, it
expands the range of possible modification reactions in COFs and thus the postsynthetic

tunability of the properties of COFs.






