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Chirality is one of the most common properties of natural
compounds including proteins, polysaccharides, nucleic acids
and enzymes, and it plays an extremely important role in life
activities.»” However, the selective recognition and interaction
of their enantiomers with organisms make a huge difference in
activity, toxicity, adsorption, transfer, metabolism and elimi-
nation. Therefore, the exploration of efficient ways to obtain
pure enantiomers becomes more and more urgent; however,
this is highly challenging owing to the dramatic similarity of the
physicochemical properties of two enantiomers.>* To date,
various chiral separation techniques have been proposed such
as chromatography,>® crystallization”® and extraction.>'®
Adsorption separation based on porous materials has shown
advantages due to their strong chiral recognition ability, long-
term stability, and less complexity.**

The exploration of chiral-functionalized porous materials as
adsorbents for the highly efficient resolution of enantiomers
has received extensive attention; these materials include metal-
organic frameworks, porous organic cages, metal-
organic cages'®” and composite porous materials.'®* However,
the type of adsorbents for enantioselective adsorption was far
more enough due to its challengeable preparation. As a conse-
quence, it is necessary to design and prepare more new adsor-
bents with excellent stability and rapid kinetics for the selective
adsorption of enantiomers.

Covalent organic frameworks (COFs)'>*® are crystalline
organic porous materials with broad applications in diverse
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(CCOF) for the enantioselective adsorption of amino acids. The prepared CCOF provides various
stereoscopic interactions with amino acids for highly selective adsorption of their enantiomers.

fields including chromatography separation,*** heterogeneous
catalysis,”** fluorescence sensing?® and optoelectronic mate-
rials.?”*® The large surface area, excellent stability and the
number of duplicate ordered units of COFs allow numerous
interactions between the host and guests, such as hydrogen
bonding, m-m interactions, hydrophobic interactions and
molecular sieving, indicating COFs as a convenient platform for
enantioselective adsorption. Chiral covalent organic frame-
works (CCOFs) have been explored as the stationary phase in
chiral chromatography and as catalysts in asymmetric catal-
ysis.>** However, the application of CCOFs as adsorbents for
selective adsorption has been rarely reported.

Here, we have reported the design and room-temperature
(RT) synthesis of a CCOF, CTzDa, via the post-modification of
the COF TzDa for the selective adsorption of the enantiomers of
amino acids (AAs). TzDa consisting of 4,4’,4'-(1,3,5-triazine-
2,4,6-triyl)trianiline (Tz) and 1,4-dihydroxyterephthalaldehyde
(Da) was chosen as the platform for the preparation of chiral
COF due to its high stability, easy synthesis and abundant active
groups (-OH).** p-Camphoric acid was converted to its acid
chloride to react with the hydroxyl group of TzDa for obtaining
CTzDa. The application of CTzDa as the adsorbent for the chiral
separation of AAs was further investigated via detailed experi-
mental characterizations and computational modeling. This
work shows high potential of chiral COFs as adsorbents in
enantioselective adsorption.

The COFs used as adsorbents should possess great stability,
high crystallinity and large surface areas. Moreover, the intro-
duction of a chiral environment into the COF structure via
a post-modification strategy is a widely accessible way to
prepare CCOFs. In this work, TzDa, which possessed a highly
ordered and stable structure with abundant active groups (-OH)
for further modification, was chosen as the COF platform for
preparing CCOF. As shown in Fig. 1, we synthesized TzDa by
condensing Tz and Da at RT instead of high temperature and
pressure (Fig. S1, ESIY).
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Fig. 1 Room-temperature synthesis: (a) TzDa; (b) CTzDa.

p-Camphor acid chloride (p-cam-ClO) (Fig. S2 and S3, ESIt)
prepared from p-camphor acid was then applied to react with
hydroxyl groups to introduce the chiral moiety into the channel
of TzDa for preparing CTzDa.

The Fourier transform infrared (FTIR) spectra of TzDa show
the C=N peak at 1665 cm ™~ ' along with the disappearance of the
peaks for the C=0 and NH, bonds for the starting materials,
indicating the successful condensation of Tz and Da (Fig. S4,
ESIT). Compared with TzDa, CTzDa exhibited additional peaks
at 1805 cm ™%, 1741 cm™* and 1259 cm™* for the C=0 bond of
the carboxyl group and C=0 and C-O bonds of the ester group,
respectively, but no peaks for the C=0 bond of acid chloride
(Fig. 2a and S5, ESIt). The result reveals the successful grafting
of the chiral p-camphoric acid moiety on TzDa. The modifica-
tion ratio of p-camphoric acid on TzDA was calculated to be 41%
using a toluidine blue O (TBO) dye assay (ESIt).

The powder X-ray diffraction (PXRD) pattern of TzDa
prepared via the RT approach not only matched well with the
simulated PXRD pattern, but also showed all the characteristic
peaks of TzDa obtained with the solvothermal approach, indi-
cating the formation of the reported ordered structure of TzDa
(Fig. S6, ESIf). All the PXRD peaks of TzDa remained after
modification with p-cam-ClO, indicating no change in the
crystal structure. The coupling reaction of camphoric acid with
its hydroxyl group prevents the formation of intramolecular
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Fig. 2 (a) FTIR spectra of TaDa and CTzDa. (b) PXRD patterns of TaDa
and CTzDa. (c) Zeta potential of TzDa and CTzDa. (d) PXRD patterns of
CTzDa after immersing in various solvents.
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hydrogen bonds between the hydroxyl groups (Da) on formal-
dehyde (Tz), which results in a decrease in the crystallinity of
the synthesized CTzDa (Fig. 2b and S7, ESIt).

The grafting of p-cam made the zeta potential of COF more
negative from —8.2 mV (TzDa) to —47.3 mV (CTaDa) due to the
introduction of the hydroxyl group of p-cam (Fig. 2¢; Table S1,
ESIt). There was no variation in the PXRD patterns and FTIR
spectra of CTzDa after immersing in various solvents including
tetrahydrofuran (THF), acetonitrile (ACN), dimethyl formamide
(DMF), water, 0.1 M HCI and 0.1 M NaOH for 1 day, demon-
strating the high chemical stability of CTzDa (Fig. 2d and S8,
ESIY). The prepared CTzDa also had high thermal stability up to
200 °C (Fig. S9, ESIt).

The transmission electron microscopy (TEM) images show
a layer-like structure for both TzDa and CTzDa and no obvious
change in morphology after the grafting of p-camphor acid onto
TzDa (Fig. $10, ESIt). The scanning electron microscopy (SEM)
images indicate that the surface of CTzDa is rougher than that
of TzDa (Fig. S11, ESIf). The Brunauer-Emmett-Teller (BET)
surface area and the pore size of TzDa were calculated to be
1380 m® g and 3.2 nm, respectively, while those of CTzDa
decreased to 403 m”> g~ ' and 1.8 nm, respectively, due to the
introduction of p-camphor acid (Fig. S12 and Table S2, ESI¥).

The introduction of a chiral moiety caused various stereo-
scopic interactions in the COF, which could improve the
enantioselective ability of CTzDa. Thus, we employed the
synthesized porous material CTzDa for the selective adsorption
of chiral AAs (tryptophan (Trp), histidine (His), aspartic acid
(Asp) and serine (Ser)). The effect of the concentration of AAs on
the adsorption capacity indicated the appropriate concentra-
tions of AAs in adsorption (Fig. S13, ESIT). The effect of pH on
the AAs adsorption showed that the adsorption process was
favorable near the isoelectric point (Fig. S14, ESI}). In
comparison with TzDa, CTzDa exhibited obviously higher
enantioselectivity and adsorption capacity to .-AAs than p-AAs
(Fig. 3 and S15, ESIY).
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Fig. 3 Time-dependent enantioselective adsorption of AAs on CTzDa
at 293 K: (a) p-Trp and L-Trp (50 mg L™Y); (b) p-His and L-His
(20 mg L™; (c) b-Asp and L-Asp (red, 20 mg L™); (d) p-Ser and L-Ser
(20 mg LY.
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Fig.4 Molecular docking modes between CTzDa and AAs: (a) Trp; (b) His; (c) Asp; (d) Ser. The receptor COF unit is displayed with thin stick style
by marking Cinyellow, O inred, N in blue and H in white. The AAs are displayed with thick stick style by marking C in green, O inred, N in blue and
H in white. Blue, green and yellow dotted lines represent the -1 interaction, n—m interaction and hydrogen bond between CTzDa and AAs,

respectively. Thin figure represents the distance of atoms.

We further investigated the kinetics and adsorption
isotherms of AAs on CTzDa. The time-dependent adsorption
capacity (g, of AAs at three initial concentrations at 293 K
showed that the adsorption equilibrium of AAs on CTzDa was
achieved within 30 min, indicating the rapid adsorption of AAs
on CTzDa (Fig. S16, ESI{). The adsorption followed the pseudo-
second-order kinetic model rather than the pseudo-first-order
kinetic model (Fig. S17 and S18, ESIt). The larger k, values of
p-AAs than those of 1-AAs indicate different interactions of
CTzDa with p-AAs and 1-AAs (Table S3, ESI{).>***

The adsorption isotherms were evaluated in an initial concen-
tration range of 10-100 mg L~ " at four different temperatures (20~
50 °C) (Fig. S19, ESIT). The adsorption isotherms of AAs could be
better described by the Langmuir model than the Freundlich
model (Table S4, ESIT), indicating monolayer adsorption of AAs on
CTzDa. The calculated maximum adsorption capacities (gm,) of -
AAs were higher than those of p-AAs, indicating the selective
adsorption of chiral AAs on CTzDa. The adsorption enantiose-
lectivity values of CTzDa were 4.20, 2.59, 2.60 and 1.62 for the
enantiomers of Trp, His, Asp and Ser, respectively (Table S5, ESIT).
Compared with previous adsorbents, the developed CTzDa
exhibited higher enantioselectivity (Table S6, ESIT), showing the
great potential of CTzDa as an adsorbent in the enantioselective
adsorption of AAs.

Efficient desorption and reusability are essential for adsor-
bents. Different types of eluents were used for the desorption of
AAs from CTzDa at 60 °C under ultrasonication for 5 min
(Fig. S207). The results showed that organic solvents were not
favourable for AA desorption. The adsorbed AAs could be well
desorbed from CTzDa with water (pH = 4 or 8) (Fig. S20, ESIt)
due to the increase in the hydrophilicity of AAs.*>* After five
adsorption-desorption cycles, CTzDa exhibited no significant
decrease in adsorption capacity, indicating the good reusability
of CTzDa for the adsorption of AAs (Fig. S21, ESIT). There was no

This journal is © The Royal Society of Chemistry 2020

obvious change in the PXRD pattern and FTIR spectra after five
adsorption-desorption cycles, suggesting that CTzDa was stable
during adsorption and desorption (Fig. S22, ESIt).

The adsorption thermodynamics was assessed by the change
in Gibbs free energy (AG), enthalpy (AH) and entropy (AS)
(Fig. S23, S24 and Table S7, ESIt). The negative AG value indi-
cated that the adsorption of AAs on CTzDa was thermodynam-
ically spontaneous. The negative AH value suggested the
presence of an exothermic process, which was related to the
decrease in adsorption capacity at high temperatures. The
negative AS value demonstrated the AAs lost freedom during
the adsorption process.

AutoDock Vina (ADVina) was used to perform docking calcu-
lations.**” The calculated binding energy (BE, kcal mol )
represents the generated energy in adsorption (Table S8, ESIT).
The existing interaction modes between CTzDa and AAs are
shown in Fig. 4. The binding interactions between AAs and the
building unit mainly included w7 interactions, C-H---7 inter-
actions and H-bonds, but the strengths related to the stereoscopic
interactions were different, which originally resulted in distinct
adsorptions. For Trp, the carboxyl and amino groups of r-Trp
could both form hydrogen bonds with CTzDa, while the different
stereoscopic positions of p-Trp led to only carboxyl group forming
aromatic H-bonds with CTzDa (Fig. 4a). The carboxyl group of 1-
His or r-Ser formed hydrogen bonds with CTzDa. On the contrary,
the corresponding hydrogen bond of p-His or p-Ser between the
carboxyl group and CTzDa was absent due to the large distance
(Fig. 4b and d). The hydrogen bond length between r-Asp and
CTzDa (1.95 A) was shorter than that between p-Asp and CTzDa
(2.61 A) (Fig. 4c). The above-mentioned different stereoscopic
interactions made the BE between the main framework and
racemic AAs follow the order 1-AAs > p-AAs, indicating the stronger
adsorption of 1-AAs than that of b-AAs on CTzDa (Table S8%). The
K;/Kp ratios were 1.97, 1.66, 1.18 and 1.40 for Trp, His, Aps and

RSC Adv, 2020, 10, 15383-15386 | 15385
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Ser, respectively. Ki/Kp > 1 also indicated that CTzDa exhibited
stronger adsorption of 1-AAs than that of p-AAs.

In summary, we have designed and synthesised the chiral
COF CTzDa through introducing a chiral selector (p-cam) in the
COF TzDa at room temperature in a facile manner. The
prepared CTzDa showed good stability in various solvents,
which was favourable for adsorption. CTzDa also exhibited
rapid kinetics and high selectivity for the adsorption separation
of the enantiomers of amino acids. Docking calculations
showed that the difference in the stereoscopic hydrogen bonds
between 1-AAs and p-AAs is the key interaction for the enantio-
selective adsorption of AAs on CTzDa. This work provides
a facile strategy for highly selective adsorption of AA enantio-
mers. Further research will focus on the potential of CTzDa in
the chiral chromatographic separation of AAs.
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