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ABSTRACT: Tailorable sorption properties at the molecular
level are key for efficient carbon capture and storage and a
hallmark of covalent organic frameworks (COFs). Although
amine functional groups are known to facilitate CO, uptake,
atomistic insights into CO, sorption by COFs modified with
amine-bearing functional groups are scarce. Herein, we
present a detailed study of the interactions of carbon dioxide
and water with two isostructural hydrazone-linked COFs with
different polarities based on the 2,5-diethoxyterephthalohy-
drazide linker. Varying amounts of tertiary amines were
introduced in the COF backbones by means of a
copolymerization approach using 2,5-bis(2-(dimethylamino)-
ethoxy)terephthalohydrazide in different amounts ranging
from 25 to 100% substitution of the original DETH linker.
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The interactions of the frameworks with CO, and H,O were comprehensively studied by means of sorption analysis, solid-state
NMR spectroscopy, and quantum-chemical calculations. We show that the addition of the tertiary amine linker increases the
overall CO, sorption capacity normalized by the surface area and of the heat of adsorption, whereas surface areas and pore size
diameters decrease. The formation of ammonium bicarbonate species in the COF pores is shown to occur, revealing the
contributing role of water for CO, uptake by amine-modified porous frameworks.

B INTRODUCTION

Covalent organic frameworks (COFs) are a recently developed
class of porous polymers with high chemical and thermal
stability and well-defined crystal structures. COFs are
promising for a range of applications, for example, in gas
storage and separation,' ’ optoelectronics,”” and energy
conversion.”” COFs are formed by condensation reactions of
organic linkers that are covalently bound under reversible
conditions, which provides a mechanism of error correction.”®
All but a few COFs reported to date have two-dimensional
(2D) network topologies, where the COF sheets are held
together in the third dimension by noncovalent van der Waals
interactions. The structure of COFs and their versatility allows
for engineering these systems and their properties in a targeted
manner.”~"" One way to do so is by pore-surface engineering,
where the surface of preformed pores carrying specific
functional sites can be further transformed postsynthetically,
if desired.'” Another possibility is to modify the organic linkers
presynthetically according to the targeted properties. A linker
that is suitable for diverse transformations and has been
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successfully used in several COF syntheses is 2,5-diethoxyter-
ephthalohydrazide (DETH).”'>'* An example is the DETH-
based COF-JLU4 which is synthesized by condensation with
triformylphloroglucinol (TFG) and has been used in
fluorescent pH sensing systems for aqueous solutions.'’
Another chemically strongly related COF containing methoxy
instead of ethoxy groups in the hydrazide linker, NUS-3, has
been reported for the use in mixed-matrix membranes with
high H,/CO, permselectivity."®

Utilization of functional porous solids with custom-made
pores has seen a burst of activity over the past decades,
specifically in the context of carbon capture and storage
(CCS). Carbon dioxide emissions are known to be the major
source of global warming, and in order to reduce this effect,
technically viable solutions for the capture and long-term
storage of the greenhouse gas CO, are needed and actively

Received: November 5, 2018
Revised:  February 12, 2019
Published: February 13, 2019

DOI: 10.1021/acs.chemmater.8b04643
Chem. Mater. 2019, 31, 1946—1955


pubs.acs.org/cm
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.chemmater.8b04643
http://dx.doi.org/10.1021/acs.chemmater.8b04643
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_ccby_termsofuse.html

Chemistry of Materials

H
O N,
O
04 * o~ * 04
HoN o HO OH
_0 H _0
6 DETH 6 OH
TFB TFG
H
dioxane/mesitylene 1:3, Oy N NH, 0-DCB/DMA 1:3,
acetic acid 6M SN0 \ acetic acid 6M
120 °C, 3d ‘ o~N- 120 °C, 3d
HaN g
| H |
AN DtATH N
gé@ ?_ & gf;g Y
| YN H N~ | 2NN H OH N~
LOHNN H;mNN, ’ LOHNN OH Ho NN .
Y@Ao / o Y@*e / ° ho OH
o SN o SN
N NH oj HN_O on NNH o7 HN_O
R | (o) ~ ! O.
N* ~ N7 ~
% o™ HO OH o™
N 07 NH N O NH
HN_O N HN_O N
~.O o) HO OH
o™ L | N o~ . | N
O”"NH o HNN O”"NH onnN OH
N Y@AO N, o
/gjy o - o HO OH 4 - o
N o) NH O N o NH O
‘ N H N 3 ‘ N H OH N 3
_N HimNN, ! _N OH Hi@;(NN, !
A o A ° ho OH
W W
COF-42 HTFG-COF
(coCOF-H) (coCOF-OH)

Figure 1. Synthesis of COF-42 (coCOF—H) from DETH and TFB (left) and HTFG—COF (coCOF—OH) from DETH and 2/4,6-
trihydroxybenzene-1,3,5-tricarbaldehyde (TFG, right). Structure of DtATH, center.

sought. The chemisorption of CO, into aqueous alkanolamine
solutions - known as amine scrubbing - is widely practiced in
the downstream processing of flue gases produced at the mega
ton scale by coalfired fire plants.'” Primary or secondary
amines form carbamates with CO,, whereas tertiary or
sterically hindered amines act as bases accepting a proton
from carbonic acid formed by dissolution of CO, in
water."*~*° Tt is worth noting that unhindered alkanolamines
absorb only half a mole of CO, per mole of amine by a
zwitterion mechanism, whereas tertiary amines undergo base-
catalyzed hydration of CO, to form bicarbonate ions which
increases the theoretical capacity to 1 mol of CO, per mole of
amine.'® The amine solutions that are used decompose over
time, and their CO, capturing ability decreases significantly.”!
Additional problems are the corrosivity and toxicity of these
amine solutions. Key goals in CCS are high adsorption capacity
and cycle stability as well as full reversibility and adequate
heats of adsorption. Materials such as activated carbons,”>*’
metal—organic frameworks (MOFs),”*** or COFs***” are, in
contrast to the standard method, easy to regenerate at
moderate temperatures and allow a great variety of functional
designs. In this context, heterogeneous adsorbents such as
COFs with precisely tunable pores decorated with functional
groups are attracting increasing interest in the field. Another
challenge in this context is the presence of small amounts of
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water, which can be competitively adsorbed by hydrophilic
adsorbents, thus reducing the overall CO, sorption
capacity.”®*~*° Although mesoporous materials such as zeolites
and activated carbons were already tested in pilot plants,®"**
the potential of COFs as alternative sorbents in the CCS
technology has not been explored. However, to fully develop
the potential of heterogeneous sorbents in CCS, understanding
the interactions that account for CO, adsorption at the
molecular level is key.>~°

Here, we address this challenge by studying CO, sorption in
tertiary amine-functionalized COFs by a combination of
adsorption isotherm measurements and solid-state nuclear
magnetic resonance (NMR) spectroscopy, complemented by
quantum chemical calculations, obtained on B97-2/pcS-2/
PBE0-D3/def2-TZVP level of theory”*™*' using the Turbo-
mole*”*’ program package for geometries and the FermiONs+
+"% program package for the calculation of NMR chemical
shifts. DETH linker molecules were modified by insertion of a
terminal tertiary amine group and integrated into two different
hydrazone-linked COF systems. To adjust the linker
functionalization level and study the influence of linker
modification on the structural and sorption properties of the
COF, a three-linker approach was developed inspired by
classical copolymerization. We show that CO, sorption
capacities as well as heats of adsorptions can be increased by
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this strategy. To the best of our knowledge, this is the first time
the molecular interaction of CO, with a COF material was
studied. CO, was found to adsorb at tertiary amine sites
through water-mediated formation of a bicarbonate species.

B RESULTS AND DISCUSSION

Synthesis and Structural Characterization. Two COF
systems with different amounts of the amine-functionalized
linker of 2,5-bis(2-(dimethylamino)ethoxy)-
terephthalohydrazide (DtATH, see Figure 1) were synthesized
by a copolymerization approach using two generic COF
systems.

The first system, named amine—coCOF—OH, is based on
the hydrazone-linked HTFG—COF (coCOF—OH) that is
synthesized by solvothermal condensation of DETH (see
Figure 1) and 2,4,6-trihydroxybenzene-1,3,5-tricarbaldehyde
(TEG, see Figure 1). The second system, COF-42 (coCOF—
H), was synthesized similarly by condensation of DETH and
1,3,5-triformylbenzene (TFB, see Figure 1) and is referred to
as amine—coCOF—H in the following.

For the synthesis of DtATH-containing samples, various
amounts of DETH (25, 50, 75, and 100% substitution of the
original DETH linker) were substituted by the respective
amount of DfATH and the mixed linkers exposed to the initial
COF synthesis protocol of the underlying coCOF systems
coCOF—OH and coCOF—H. The solvent compositions were
optimized to obtain high surface area and crystallinity in the
modified samples.

COFs were characterized by Fourier transform infrared (FT-
IR) spectroscopy, sorption analysis, powder X-ray diffraction
(PXRD), and solid-state NMR. As seen in Figure S1, the FT-
IR spectrum of coCOF—OH shows the characteristic C=0
stretching vibrations of the f-ketoenamine carbonyl group at
1680 cm™. No residual aldehyde stretches are visible,
indicating the complete transformation of the starting material.
Comparison with the monomers corroborates the formation of
the hydrazone bond. The same was found in coCOF—H as
well as in the amine-containing samples. Addition of the
tertiary amine linker further leads to color deepening in the
samples from light yellow to orange in coCOF—OH and from
orange to reddish-brown in coCOF—H as is also visible in the
solid-state UV/vis absorption spectra (see Figure S3).

Solid-state 1D "*C{'H} CP-MAS NMR further supports the
bond formation and linker integration in both systems. The
3C NMR signals are assigned to the different carbon atoms
shown schematically in Figure 2a,e as indicated by the labels in
Figure 2b,f. The signals assigned to the ethoxy group were
observed at 66 and 15 ppm. Amine-containing samples show
additional peaks at 45 and S7 ppm (Figure 2c,d,gh) that can
be attributed to the aminoethoxy and dimethylamine groups,
respectively, as corroborated by quantum chemical calculations
for a model compound (see Table S3). In the molecular linker,
the respective carbon center shows a '*C chemical shift of 45.1
ppm (see the Supporting Information). The relative intensity
of the ®C NMR signal at 45 ppm increases with higher
amount of amine in the synthesis mixture, consistent with
greater incorporation of the amine linker into the COF
framework.

PXRD confirms the formation of crystalline COF networks
with unit cell dimensions being consistent with the structural
models shown in Figure 3c. For coCOF—OH, a strong
reflection at 3.4° and weaker ones at 5.5, 7.0, and 26.2° are
assigned to the 100, 110, 200, and 001 Miller indices,
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Figure 2. Schematic structural diagrams showing subsections of the
(a) coCOF—H framework, (e¢) coCOF—OH framework, and the
tertiary amine linker DfATH. Solid-state one-dimensional (1D)
BC{'H} CP-MAS NMR spectra of (b—d) coCOF—H and (f-h)
coCOF—OH with (b,f) 0%, (c,g) 50%, and (dh) 100% of DtATH
substitution of the original DETH linker. The spectra in (b—d) and
(f=h) were acquired at 11.7 T, 10 kHz MAS, 298 K, using cross-
polarization contact times of S ms. The NMR spectrum (d) was
acquired at 11.7 T, 12 kHz MAS, 298 K, and using cross-polarized
contact times of 5 ms. Spinning sidebands are marked with asterisks.
Distinct carbon atoms in the schematic structures in (a—e) are
numbered and their associated *C NMR signals labeled accordingly
in (b—d) and (f—h). The narrow signals labeled with crosses at 164,
37, and 32 ppm correspond to residual dimethylformamide and at 25
ppm to residual tetrahydrofuran.*®
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Figure 3. (a) PXRD pattern of coCOF—OH (open green squares),
Pawley refined profile (blue line), and calculated XRD pattern for the
idealized eclipsed (AA) stacking (black line). (b) PXRD pattern of
coCOF—H (open orange circles), Pawley refined profile (red line),
and calculated XRD pattern for the idealized eclipsed (AA) stacking
(black line). (c) and (d) Eclipsed stacking model for coCOF—OH
and coCOF—H, respectively. C, N, and O atoms are represented in
gray, blue, and red, respectively. H atoms are omitted. The second
and third layers are represented in orange and yellow for clarity,
respectively.

respectively (see Figure 3a). The PXRD data match well with
an AA eclipsed stacking structure with an interlayer distance of
3.48 A because of m—n-stacking interactions (see Figure 3c). It
should be noted that a lateral offset of 1.7—1.8 A is expected
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desorption by open symbols. (d) Relative CO, adsorption capacities at 273 K and BET surface areas of amine—coCOF—OH (blue and purple) and
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Table 1. BET Surface Areas, CO, Uptake at 273 K, Relative CO, Adsorption at 273 K, and Heats of CO, Adsorption of the
Presented COFs

COF system amount of DIATH (%) BET SA” [m®g™'] CO, uptake at 273 K [mmol g™'] relative CO, adsorption [gmol m™2] Q. [kJ mol™!]
amine—coCOF—H 0 2336 2.66 1.14 24.0
25 1705 2.12 1.24 37.0
50 811 1.60 1.97 40.4
75 573 1.11 1.93 54.0
100 514 1.14 2.22 72.4
amine—coCOF—OH 0 998 1.74 1.75 36.7
25 822 1.60 1.95 47.9
50 675 1.42 2.10 49.6
75 581 1.27 2.19 66.0
100 412 1.04 2.52 48.5

. b
“From Ar sorption measurements. ~At zero coverage.

but cannot be distinguished from the AA eclipsed stacking Adsorption Performance. According to argon sorption
structure because of broadening of the reflections.*”** Further measurements at 87 K, both systems show characteristic type
investigations were carried out with the AA eclipsed model. IV isotherms that are typical for mesoporous materials (see
Pawley refinement on the simulated structure suggests a P6/m Figure 4). Brunauer—Emmett—Teller (BET) surface areas
space group with a = b = 29.6 Aand a = ff = 90° y = 120°. were calculated to be 998 m? g_1 for coCOF—OH and 2336

m* g~ for coCOF—H, which surpasses the published values
for both COFs (757 and 710 m* g~' for coCOF—OH and
coCOF—H, respectively*®). Pore size distributions (PSD) were
derived from experimental data using nonlocal density
functional theory and quenched solid-state functional theory
calculations.”” In coCOF—H, the experimental pore size of 2.4
nm is in agreement with the theoretical value based on the

In general, coCOF—H appears more crystalline than
coCOF—OH. Introducing the modified linker leads to a
further loss in crystallinity, whereas the architecture and
dimensions of the unit cell are maintained. The 100, 110, 200,
and 001 reflections of 100%-amine—coCOF—OH are found at
3.4, 5.7, 6.9, and 26.3° respectively, which suggests retention

of the stacking structure discussed above. The crystallinity structural model. Additionally, micropores of 0.92 and 0.61 nm
decreases with higher amine content (see Figure S2). The loss are observed which points to structural effects such as
of crystallinity is more distinct in amine—coCOF—OH which mismatch stacking, leading to reduced pore sizes or pore
we attribute to a loss of reversibility in the bond formation and blocking. The mesopores with 2.4 nm diameter account for
the coexistence of different tautomeric forms which is known 65% of the pore volume, whereas the smaller micropores
for COFs based on the TFG linker.* represent 7.4% (for 0.92 nm) and 8.3% (for 0.61 nm) of the
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total pore volume. A similar trend is observed in coCOF—OH
with a broader distribution of mesopores at 2.3 nm (55% pore
volume) caused by the loss of long-range order because of
tautomerism (see Figure S5). The smaller pores are found at
0.91 nm (26% pore volume) and 0.61 nm (16% pore volume).

For amine-containing samples, BET surface areas decrease
linearly with an increasing amount of tertiary amine.
Respective values for all samples are listed in Table 1. We
derived PSDs from Ar isotherms for the samples containing S0
and 100% modified linker for both systems (see Figures S4 and
SS). Although the mean pore size of the pristine COFs is
around 2.4 nm, additional smaller pores in the range of 1.4—
1.8 nm are found for the amine-containing samples. This is in
agreement with theoretical values for amine-modified pores,
which vary between 1.6 and 2.2 nm depending on the amine
conformation. A stochastic distribution of the different linkers
in the systems along with stacking faults will lead to pores with
different amounts of amine and therefore to different pore
sizes, especially in the mixed systems. A broader distribution of
pore sizes with more regular distribution of pore volumes is
found in the 50% amine samples (see Table S2). In the 100%
amine samples, two distinct pore sizes of 2.2 and 1.6 nm are
found which are attributed to different pore surface
architectures with amines either at the pore wall or protruding
into the pore (see Figure S6).

With respect to the CO, sorption isotherms of both systems,
a linear decrease was observed for the uptake capacity ranging
from 2.66 to 1.14 mmol g~' for coCOF—H (0—100%
modification) and from 1.74 to 1.04 mmol g~ for coCOF—
OH (0—100% modification; see Table 1). Interestingly, the
loss in uptake capacity with increasing amine functionalization
is significantly less than the decrease of surface area.
Normalizing the CO, uptake to the BET surface area of the
samples (see Table 1) to obtain relative rather than absolute
CO, capacities, the uptake increases from 1.14 to 2.22 pmol
m™? (0—100% modification) for the amine—coCOF—H. For
amine—coCOF—OH, the relative CO, adsorption increases
from 1.75 to 2.52 umol m™ (see Figure 4b). Whereas at 50%
amine loading, the uptake is fairly similar for both systems
(2.10 gmol m™2 for amine—coCOF—OH and 1.93 gmol m™>
for amine—coCOF—H), in the other amine loading regimes,
the relative CO, capacity of the more polar amine—coCOF—
OH distinctly surpasses amine—coCOF—H.

Even though water is present in most applications, the
behavior of COFs in water sorption experiments has rarely
been studied systematically. Most studies have been performed
on MOFs or porous carbons that show very different
behaviors. Hydrophilicity is more pronounced in the case of
MOFs because of their metal sites than on the nonpolar
hydrophobic surface of carbon materials. However, MOFs are
often not stable in water which leads to their degradation
under humid conditions.”’ COFs are expected to exhibit
hydration properties that are intermediate between MOFs and
carbons, where a more polar surface due to heteroatoms in the
framework gives rise to a type IV sorption isotherm and a fully
reversible hysteresis at lower relative pressures compared to
nonpolar surfaces.

The two pristine COF systems in this study show similar
behavior in water sorption measurements. The water uptake
capacity is higher for amine—coCOF—H, ranging from 598 to
768 cm® g~ (47—61 wt %) and 416—481 cm® ¢! (33 to 38 wt
%). In both systems, the highest capacity is found for the
100%-amine samples and the lowest for the S50%-amine
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samples. This is likely due to a higher degree of disorder
because of the distribution of modified and unmodified linkers
in the 50%-amine samples. The adsorption isotherms of both
systems show a step in the range of 0.30—0.45 p/p, with a
strong hysteresis; the same step is found in the desorption
isotherm at 0.20—0.30 p/p,. This behavior is indicative of
capillary condensation of water in the COF pores. By
increasing the amine content in the samples, in both systems,
the adsorption step flattens out up to an almost linear sorption
isotherm in 100%-amine—coCOF—OH. This continuous pore
filling might be due to a slightly higher polarity in the system.
Interestingly, water sorption is not fully reversible. Fractions
ranging from 6.8% (for pristine coCOF—OH) up to 11.4% (in
the case of 100%-amine—coCOF—OH) of the maximum water
uptake remain in the pores after desorption. The addition of
amines in close proximity to the pore walls leads to higher
hydrophilicity and thus increased water sorption capacities.

Isosteric heats of adsorption (Q_“) at zero coverage were
calculated for all samples from the CO, sorption isotherms at
273, 288, and 298 K (see Table 1). Typical values for classical
physisorption range between 8 and 25 kJ mol™" for van der
Waals forces and up to SO kJ mol™" for dipole—dipole
interactions, whereas chemisorption is associated with heats of
adsorption between 80 and 500 kJ mol™". The values obtained
in our unmodified coCOFs are 24.0 kJ mol™" for coCOF—H
and 36.7 kJ mol ™" for coCOF—OH. Upon modification, the Q
values increase drastically with maximum values of 72.4 kJ
mol™" in 100%-amine—coCOF—H and 66.0 kJ mol™" in 75%-
amine—coCOF—OH. Those values approach the chemisorp-
tion regime and are much higher than that for comparable
COFs, such as COF-JLU2 (31 kJ mol™"),”* TRIPTA (56.77 kJ
mol™!),** [HO2C]100%-H2P—COF (43.5 kJ mol™}!),”’
ACOF-1 (27.6 kJ mol™),** TpPA—COF (34.1 kJ mol™),*
or other porous materials such as FCTF-1 (35.0 k] mol™!),*
MgMOF-74 (42 kJ mol™"),”” and imine-linked porous organic
cages (20.4 kJ mol™).>®

Amine-Modification of the coCOF—H Framework. To
understand the improved CO, sorption properties of 100%-
amine—coCOF—H, advanced 1D and 2D 'H, 3C, and *N
solid-state NMR techniques were used to elucidate atomic-
level structures and interactions in the modified COF
framework and compared with findings from quantum
chemical calculations. The N chemical shift interaction is
highly sensitive to local bonding environments;*”°° however,
SN NMR experiments are severely limited for low-density and
low-nitrogen content materials by the low natural isotopic
abundance (0.4%) and low gyromagnetic ratio of the "N
nuclei. These limitations are partially overcome by dynamic
nuclear polarization (DNP)-enhanced NMR spectroscopy,
which uses microwave excitation of nitroxide biradical
polarizing agents to achieve a potential °N sensitivity gain of
Yo/71sn = 6500.°" Here, DNP—NMR enables the acquisition of
natural-abundance "N spectra as demonstrated in Figure S.

Although amine-functionalized nanoporous or mesoporous
solids tygically exhibit broad "N signals due to structural
disorder,®*™%* the N signals from the DtATH linker exhibit
narrow "N line shapes, which indicates relatively uniform local
environments in the COF framework. The "*N signals at 315
and 181 ppm are assigned to framework hydrazone (—N=)
and (—NH-) moieties, respectively, as supported by quantum
chemical calculations (see Figures S11, S12 and Table S4) for
a coCOF—H sub-structure and literature.”” A hydrogen bond
to water causes displacement of the imine signal to lower
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Figure 5. Solid-state 1D "N{'H} DNP—CP—MAS spectra of 100%-
amine—coCOF—H without CO, exposure. The spectrum was
acquired at 9.4 T, 8 kHz MAS, 95 K, in the presence of 16 mM
AMUPol biradical in 60:30:10 dg-glycerol/D,0/H,0, under micro-
wave irradiation at 263 GHz, and using cross-polarization contact
times of 5 ms. Blue markings correspond to values obtained by
quantum-chemical calculations (See Tables S4, SS, and S7).

frequency by approximately 12 ppm compared to the bare
imine bond (see Figure S13 and Table S4). The presence of
these signals, in addition to quantum chemical data, strongly
suggest that after incorporation of DtATH into the COF
framework the hydrazone (—N=) and (~NHCO-) linkages
are intact and retain an atomic structure similar to unmodified
coCOF—-H.

In 100%-amine—coCOF—H, there are three additional '*N
signals at 24, 36, and 47 ppm, which arise from the DtATH
linker. For tertiary amines, the "N chemical shift may be
influenced by local bonding environments, which can be
influenced by temperature, solvent effects, or hydrogen-
bonding interactions to varying extents and which can displace
15N signals by as much as 40 ppm.®’ In polar or acidic solvents,
tertiary amines often exhibit partial deshielding of N nuclei,
as manifested by displacement of their isotropic chemical shifts
to higher values.”” Consequently, the N signal at 47 ppm is
assigned to protonated tertiary amine linker groups, consistent

with quantum chemical calculations (see Figure S14 and Table
S7). The "N signals at 24 and 36 ppm are attributed to
unprotonated DtATH tertiary amine moieties also on the basis
of quantum-chemical calculations (Figure S13), with the
former assigned to unhydrated linkers. The "*N signal at 36
ppm is attributed to DtATH tertiary amine moieties that
interact strongly with water.

CO, Interactions with Amine-coCOF-H Moieties.
Molecular-level insights on specific interactions between CO,
and 100%-amine—coCOF—H are obtained from 2D “*C{'H}-
heteronuclear correlation (HETCOR) analyses that establish
spatial proximities of adsorbed CO, and the COF sorbent.
Previously, site-specific CO, adsorption in tertiary amide
(—~NHCOR)-containing mesoporous materials has been
investigated by inelastic neutron spectroscopy for which subtle
differences in local chemical environments are difficult to
resolve.”> By comparison, the 2D *C{'H} low-temperature
magic-angle-spinning (LTMAS)—HETCOR spectra (Figure
6) of 100%-amine—coCOF—H can detect and resolve atomic-
level interactions of specific COF framework moieties with
adsorbed water and with adsorbed CO,.

Specifically, 2D “C{'H}-HETCOR methods rely on
through-space dipole-dipole interactions to selectively detect
BC nuclei which are in molecular-level proximity (<1 nm) to
'"H nuclei of both directly bound and neighboring moieties.
The resulting 2D "*C{'H} spectrum represents a correlated
intensity map that resolves spatially from molecularly near
moieties on the basis of their isotropic 'H and "*C chemical
shifts, which are sensitive to local bonding environments. For
example, the 2D BC{'H} HETCOR spectra in Figure 6a,b
acquired for 100%-amine—coCOF—H, after exposure to '*C-
enriched CO, and then after subsequent degassing, respec-
tively, both show intensity correlations arising from intra-
molecular correlations within the coCOF—H framework.
These include the strong '*C signals at 46, S5, and 62 ppm
from alkyl carbon atoms in the DfATH linker which are
correlated with 'H signals from alkyl protons at 2.0—3.5 ppm;
and '*C signals ranging from 112 to 147 ppm from aromatic
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Figure 6. Solid-state 2D *C{'H} LTMAS—HETCOR spectra of vacuum-dried 100%-amine—coCOF—H (a) after exposure to 100% '*C-enriched
CO, for 12 h at 1 bar pressure and 298 K and (b) after desorption of CO, for 48 h by vacuum heating at 0.1 bar and 363 K. The spectra were
acquired at 9.4 T, 8 kHz MAS, 95 K using short cross-polarization contact times of 500 us. 1D *C projections are shown along the horizontal axes
for comparison with the 2D spectra, and 1D 'H projections are shown along the vertical axes. Strong correlated *C signal intensity (ca. 160 ppm)
with 'H signal at 12—14 ppm establishes that CO, chemisorbs to form a bicarbonate (HCO;~) species.
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carbon atoms in the 100%-amine—coCOF—H backbone that
are strongly correlated with 'H signals at 7.0—8.0 ppm from
aromatic protons. The framework amide moieties exhibit a 'H
chemical shift at 11.7 ppm, which is consistent with a 2D
BN{'H} DNP-HETCOR spectrum of 100%-amine—
coCOF—H (Supporting Information, Figure S10b) and a 1D
solution-state '"H NMR spectrum of a small-molecular
analogue (see the Supporting Information, compound 6). A
correlated 2D intensity is also observed between the *C signal
at ca. 160 ppm and a new 'H signal in the range 12—14 ppm,
which is assigned to intramolecular HCO;™ interactions (green
band).®® Nearly all of the *C signals are correlated with 'H
intensity centered at 4.2 ppm from adsorbed H,O. More
interestingly, for 100%-amine—coCOF—H exposed to "*C-
enriched CO, (Figure 6a), the '*C intensity in the range 160—
164 ppm is also strongly correlated with 'H signals at 4.2 and
7.0—8.0 and 11.7 ppm, which are assigned to adsorbed H,O
(blue band) and hydrazone and/or aromatic 'H moieties
(beige band), and amide groups (purple band), respectively.
Such 2D intensity correlations unambiguously establish that
chemisorption of CO, occurs in close molecular proximities to
these moieties, which are consistent with the isotropic *C
chemical shifts that have been reported for the formation of
bicarbonate species in tertiary amine solutions.”” The breadth
of the *C intensity reflects a distribution of solvated neutral
(160 ppm)®® and ionic bicarbonate species (171 ppm from
quantum chemical calculations, see Table S6). The 2D NMR
results thus establish that HCO;™ strongly interacts with
adsorbed H,0 and amide and/or aromatic "H moieties in the
100%-amine—coCOF—H framework.

As shown by the 1D C{'H} DNP-CP MAS spectra in
Figure S9ab, the 'C amide signal (orange overbar) has
stronger intensity for the longest CP contact time of S ms.
Although "*C-depleted glycerol was used in the DNP solvent
formulation, there is a small intensity shoulder ranging from 65
to 80 ppm from glycerol. By comparison, the 1D *C{'H}
LTMAS—CP MAS spectra in Figure S9¢,d were acquired on
vacuum-dried 100%-amine—coCOF—H upon exposure to dry
100% "*C-enriched CO, and after subsequent degassing step.
As discussed in the experimental section, these materials were
characterized without DNP to minimally influence adsorbed
CO,. Under otherwise identical conditions, there is signifi-
cantly more "*C signal at 160 ppm for the material exposed to
B3C-enriched CO,. In the 1D spectra, the adsorbed bicarbonate
(red overbar) and amide have overlapping signal intensity at
160 ppm. By comparison, for the short contact time (500 us)
used in Figure 6, only the strongest *C{'H} dipole-dipole-
coupled moieties are expected to yield correlated intensity,
which is consistent with the reduced signals from the amide
moieties, the carbon atoms of which lack a directly bonded 'H
atom.

Despite degassing and drying the sorbent prior to CO,
adsorption, 100%-amine—coCOF—H strongly retains adsorbed
H,O, which favors the formation of bicarbonates. Evidence for
hydrogen-bonding interactions between H,O and the frame-
work amide (—NH—) moieties was also observed in a 2D
“N{'H} DNP-HETCOR spectrum (see the Supporting
Information, Figure S8). After desorption of the CO, 100%
BC-enriched CO,, the "“C signal (ca. 160 ppm) from
bicarbonate completely disappears. However, there are still
strong intensity correlations associated with *C moieties in
100%-amine—coCOF—H and 'H moieties from adsorbed H,O
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at ca. 4.2 ppm (blue band) and only very weak correlated
intensity associated with the amide "*C signal remains at ca.
159 ppm, which is consistent with the observed water
desorption behavior of the samples. The retention of H,O in
100%-amine—coCOF—H likely contributes to the reduction in
the apparent BET surface area. Stronger interactions with CO,
are usually attributed to a higher amount of heteroatoms,
mostly nitrogen and oxygen, on the pore walls of porous
framework materials, because of the higher interaction affinity
of the heteroatoms to CO,.*°*’® In the context of the
aminated COF materials, the interaction with water cannot be
neglected. In addition to CO, adsorption functionality, the
amine groups impart hydrophilicity that leads to increased
water uptake by the framework. The increased network
hydrophilicity promotes H,O adsorption and deprotonation
near the basic amine side chains, which promotes CO,
coadsorption as bicarbonate species in the 100%-amine—
coCOF—H pores. Note that increasing amounts of adsorbed
water in the pores with increasing degree of amine
functionalization is consistent with the water isotherms
discussed above.

B CONCLUSIONS

In this study, a mixed linker strategy was used to modify
coCOF—H and coCOF—OH with a tertiary amine function-
ality by copolymerization of isostructural linkers. Addition of
the functionalized linker species yields a higher affinity to CO,
as shown by an increased relative CO, adsorption capacity,
along with an increase of the heat of adsorption at zero
coverage up to a value of 72.4 kJ] mol™". We demonstrate by
solid-state 2D "*C{'H} NMR analyses, supplemented by
quantum chemical NMR calculations, that CO, sorption in the
100%-amine—coCOF—H pores proceeds via formation of a
bicarbonate species adsorbed within the COF—CO, pores,
along with water which is strongly retained. Thus, the
hydrophilicity of the COF framework appears to promote
increased CO, sorption capacity, with different hydrophilicities
leading to distinctly different adsorption behaviors of water in
the pores. This is likely the reason that increased extents of
framework functionalization with amine species lead to
increased CO, affinity because of the formation of bicarbonate
species. Such effects are partially offset by decreased surface
area because of steric effects associated with the linkers, as well
as strongly retained water in the pores. Tuning the COF’s
inherent water sorption properties by introducing functional
groups such as tertiary amines or amides that promote CO,
solvation”" is expected to further enhance CO, adsorption in
porous systems.
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