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Chiral metal—organic frameworks (MOFs) show great potential in
chiral catalysis and separation. However, their application is still
hindered by the limited availability of chiral MOFs and chiral
recognition centers due to the great challenges for direct synthesis
of chiral MOFs with designed chiral recognition sites. Here we
report a post-synthesis approach for the facile preparation of chiral
MOFs for chiral gas chromatography. Five chiral MOFs with an
identical parent framework but different chiral recognition sites
were synthesized via grafting various chiral recognition sites of
ligands onto MIL-101-NH,. The chiral MOF-coated capillary
columns gave good resolution for the separation of diverse race-
mates with superior separation to the commercial chiral capillary
columns. The results reveal that the post-synthesis approach is
convenient to fabricate target chiral MOFs with pre-designed
functions with the ability to avoid blind synthesis of chiral MOFs
via direct synthesis and to facilitate the evolution of chiral stationary
phases in chiral chromatography.

Chirality is an essential property of nature and plays significant
roles in pharmacology, agrochemicals, biology, chemistry and
many other areas." Separation of chiral enantiomers into two
pure individual enantiomers is of great significance as two pure
enantiomers may differ in biological activity, pharmacology and
toxicity in many cases.” Chiral separation is challenging due to
the same physical or chemical properties of chiral enantiomers.
Considering the importance and challenge of chiral separation,
plenty of chiral recognition materials and techniques have been
explored.”” Chromatography relying on chiral stationary phases
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(CSPs) has been proved to be the most applicable approach in
chiral separation.** Columns packed or coated with CSPs are
the core of chiral chromatography. Thus, it is crucial to develop
novel CSPs for chiral chromatography.

Recently, porous materials such as porous organic cages,
covalent organic frameworks, metal-organic frameworks
(MOFs) and porous organic frameworks have been explored as
advanced CSPs for chiral chromatography.>” In particular,
chiral MOFs have received great attention due to their good
spatial selectivity for three dimensional frameworks built from
inorganic metal clusters and organic linkers. Their diversity in
structure and pore size, high surface area and selective
adsorption affinity make chiral MOFs attractive as chiral sepa-
ration media.*** The special microporosity of chiral MOFs and
unique MOF structures provide a befitting environment for
enantioseparation. Up to now, chiral MOFs constructed with
chiral organic linkers have been applied in chiral chromatog-
raphy with good resolution and selectivity."*”

General strategies to synthesize chiral MOFs can be
summarized as direct synthesis and post-synthesis. Rational
design of chiral MOFs is usually difficult for the direct synthesis
as many uncontrollable factors may hinder the synthesis of
designed chiral MOFs. Moreover, the synthesis of chiral MOFs
often requires complex and costly chiral starting materials.
Post-synthetic modification (PSM) is an attractive method to
obtain sophisticated functional materials due to economic and
convenient synthetic processes and the available varieties of
functionalized organic groups.'®'* PSM allows designed chiral
functional groups to be controllably introduced into MOFs.>*>*
Although the introduction of designed chiral recognition sites
to control chiral selectivity is of great significance for chiral
separation, the PSM process to synthesize designed chiral MOFs
for chiral chromatography has never been reported so far.

Herein, we report a PSM strategy to synthesize chiral MOFs
with designed chiral recognition sites for chiral gas chroma-
tography (GC) separation of diverse racemates. An amino-
containing MOF MIL-101(Al)-NH, was chosen as the parent
MOF because of its large surface area, and good thermal and
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chemical stability.*® In addition, the high activity of the amino
group on the framework to carboxylic acid, isocyanates, anhy-
drides and alkenes**' is quite favorable for PSM. The large pore
windows and pores of MIL-101(Al)-NH, (ref. 26) also allow the
designed molecules to get in. Five chiral molecules with
different chiral recognition sites were, respectively, grafted onto
MIL-101(Al)-NH, via covalent bonds to obtain five chiral MOFs
MIL-101(Al)-Xs (Xs represents the specific chiral organic
groups) with good stability and different chiral selectivities
(Fig. 1). Chiral MOF-coated capillary columns were also fabri-
cated for the chiral GC separation of diverse racemates. The
resolution of some of these racemates on these chiral capillary
columns was superior to that of the commercial chiral capillary
columns. The results reveal the promising aspects of the chiral
modification of MOFs via PSM and the great potential of chiral
post-modified MOFs as novel CSPs for chiral separation.
Chiral groups or chiral centers in MOFs play significant roles
in chiral separation and catalysis.*” In addition, chiral selectivity
and the chiral separation mechanism are also closely related to
chiral groups or chiral centers. Therefore, we selected five chiral
molecules with different chiral groups or chiral centers to
construct five chiral MOFs with the same MOF framework but
various chiral groups or chiral centers to elucidate the effect of
chiral group or chiral center on chiral separation. (S)-2-Phe-
nylpropionic acid, (R)-1,2-epoxyethylbenzene, (+)-diacetyl-L-tar-
taric anhydride, vr-proline, and (15)-(+)-10-camphorsulfonyl
chloride were employed as the post-synthetic molecules (Fig. 1).
(S)-2-Phenylpropionic acid and (R)-1,2-epoxyethylbenzene
represent chiral aromatic amide and aromatic epoxy, respec-
tively, providing the possibility for w—m and hydrogen-bonding
interactions with analytes during chiral separation. However,
their hydrogen-bonding sites are quite different. (+)-Diacetyl-L-
tartaric anhydride represents chiral anhydride, offering
hydrogen-bonding interactions with chiral analytes. r-Proline
represents chiral amino acid, in which the nitrogen provides
hydrogen-bonding interactions with the analytes. (15)-(+)-10-
Camphorsulfonyl chloride represents chiral acyl chloride, in
which the alkyl provides weak chiral interactions with the
analytes. Therefore, we try to use the above five types of chiral
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Fig. 1 Schematic illustration of the post-synthesis of chiral MIL-
101(Al)-Xs and the fabrication of their coated capillary columns for
chiral GC.
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molecule-modified MIL-101(Al)-Xs to explore the effect of the
post-modified chiral group on chiral separation.

All the chiral MOFs were obtained via the covalent bonding
between the amine groups on MIL-101(Al)-NH, and the chiral
precursors. Fourier transform-infrared (FT-IR) and circular
dichroism (CD) spectroscopy, 'H nuclear magnetic resonance
(NMR) analysis, X-ray diffraction (XRD), thermogravimetric
analysis (TGA), N, adsorption-desorption, and scanning elec-
tron microscopy (SEM) experiments were performed to charac-
terize the synthesized MIL-101(Al)-NH, and chiral MIL-101(Al)-
Xs (Fig. 2 and 3). The existence of the characteristic bands of
MIL-101(Al)-NH, (red) in the FT-IR spectra of MIL-101(Al)-Xs
(black) reveals that the parent MOF is intact and stable during
the PSM (Fig. 2). In addition, the appearance of the character-
istic bands of amide groups at approximately 1670 cm™* (C-N)
and the characteristic bands of chiral groups (blue) indicates
the successful chemical grafting of the chiral groups on MIL-
101(Al)-Xs (Fig. 2a-e). For MIL-101-S-2-Ppa, the band at
1675 ecm ' is the characteristic band of the amide N-C=0
stretching vibration, while the bands at 1604 and 854 cm™ " are
the characteristic bands of (S)-2-phenylpropionic acid (Fig. 2a).
The bands at 978 (C-O stretching vibration) and 693 cm ™" in
MIL-101-R-Epo are the characteristic bands of (R)-1,2-epox-
yethylbenzene (Fig. 2b). The bands in MIL-101—(+)-Ac-L-Ta at
1746, 1223 and 1076 cm™* are ascribed to the C=0 and C-O
stretching vibrations, and all these bands correspond to the
characteristic bands of (+)-diacetyl-i-tartaric anhydride (Fig. 3c).
The bands at 1604 and 1085 cm™ ' in MIL-101-1-Pro are attrib-
uted to the C-N stretching vibration and out-of-plane bending
vibration of r-proline, respectively (Fig. 2d). The band at
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Fig. 2 FT-IR spectra (a—e) and XRD patterns (f) of MIL-101(Al)-NH>
and MIL-101(Al)-Xs. S-2-Ppa, R-Epo, (+)-Ac-L-Ta, L-Pro and 1S-
(+)-Cam refer to (S)-2-phenylpropionic acid, (R)-1,2-epox-
yethylbenzene, (+)-diacetyl-L-tartaric anhydride, L-proline, and (1S)-
(+)-10-camphorsulfonyl chloride, respectively.
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Fig. 3 (a) TGA curves and (b) N, adsorption—desorption isotherms of
MIL-101(Al)-NH, and MIL-101(Al)-Xs. SEM images of (c) MIL-101(Al)-
NH,, (d) MIL-101-S-2-Ppa, (e) MIL-101-R-Epo, (f) MIL-101—-(+)-Ac-L-
Ta, (g) MIL-101-L-Pro, and (h) MIL-101-1S-(+)-Cam.

1740 ecm™ ' in MIL-101-15-(+)-Cam is attributed to the C=0
stretching vibration of ketone, while the band at 1049 cm ™" is
attributed to the S=O asymmetric stretching vibration, and all
these bands correspond to the characteristic bands of (1S5)-
(+)-10-camphorsulfonyl chloride. "H NMR analysis shows that
about 29%, 19%, 33%, 15% and 4.7% chiral Xs were grafted
onto MIL-101(Al) for obtaining MIL-101-S-2-Ppa, MIL-101-R-
Epo, MIL-101-(+)-Ac-i-Ta, MIL-101-1-Pro and MIL-101-1S-
(+)-Cam, respectively (Fig. S1, ESIt).

The CD spectra were further studied to characterize the
chiral MIL-101(Al)-Xs (Fig. S2, ESIt). The CD spectra of MIL-
101-R-Epo, MIL-101-1-Pro, MIL-101-1S-(+)-Cam and MIL-101-S-
2-Ppa exhibit typical single curves, which prove the homochir-
ality of these chiral MOFs. The extremely weak CD intensity of
MIL-101—-(+)-Ac-.-Ta was caused by the weak ultraviolet
absorption of (+)-Ac-L-Ta.

The XRD patterns of the MIL-101(Al)-Xs (Fig. 2f) are in good
agreement with that of the synthesized MIL-101(Al)-NH,
(black), showing that the grafting of chiral groups via PSM had
no obvious effect on the crystallinity of MIL-101(Al)-NH,. No
obvious weight loss for all MIL-101(Al)-Xs compared with MIL-
101(Al)-NH, shows the good thermal stability of MIL-101(Al)-Xs
(Fig. 3a). The Brunauer-Emmett-Teller (BET) surface area
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(Fig. 3b) of MIL-101(Al)-NH, is 1292 m* g~ ', while the BET
surface areas of MIL-101(Al)-Xs decrease to 1276, 441, 819, 1080
and 1162 m”> g~ for MIL-101-S-2-Ppa, MIL-101-R-Epo, MIL-
101-(+)-Ac-.-Ta, MIL-101-1-Pro and MIL-101-15-(+)-Cam,
respectively. Meanwhile, the pore volumes of the MOFs
decrease from 1.363 cm® g~ for MIL-101(Al)-NH, to 0.904,
0.668, 0.905, 1.085 and 1.009 cm® g~ for MIL-101-S-2-Ppa, MIL-
101-R-Epo, MIL-101—(+)-Ac-.-Ta, MIL-101-1-Pro and MIL-101-
1S8-(+)-Cam, respectively.

The SEM images indicate that the MIL-101(Al)-Xs (Fig. 3d-h)
show no significant morphology change compared to MIL-
101(Al)-NH, (Fig. 3c). The SEM images of the cross section of
the bare capillary column and MIL-101(Al)-Xs-coated capillary
columns show the successful coating of MIL-101(Al)-Xs onto
the inner wall of the capillary columns (Fig. S3, ESIT).

The separation of racemates including alcohols, amines,
nitriles, esters and aldehydes on MIL-101(Al)-Xs-coated capil-
lary columns was carried out to evaluate their chiral separation
abilities (Table S1, ESIt). 12 racemates were separated on MIL-
101(Al)-Xs-coated capillary columns (Fig. 4), showing the
feasibility of the PSM strategy to construct chiral MOFs for
chiral GC.

The chiral selectivity of these chiral MIL-101(Al)-Xs is quite
different from each other. The difference in chiral selectivity
can be ascribed to different chiral recognition centers and
interactions between chiral MIL-101(Al)-Xs and enantiomers.
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Fig.4 GC chromatograms on the MIL-101(Al)-Xs-coated columns (30
m length x 0.25 mmi.d.) for the separation of racemates: (a) MIL-101-
S-2-Ppa-coated column A: 2-methyl-2,4-pentanediol (160 °C, 2
ml min~! N>), 1,2-pentanediol (160 °C, 2 ml min~! N,), and citronellal
(165 °C, 2 ml min~! Ny). (b) MIL-101-R-Epo-coated column B: 2-
butanol (150 °C, 2 mlmin~ N,), 1-heptyn-3-ol (200 °C, 2 mlmin "t N,),
and citronellal (180 °C, 2 ml min~t Ny). (c) MIL-101-(+)-Ac-L-Ta-
coated column C: 1-amino-2-propanol (210 °C, 2 ml min~! Ny), 2-
amino-1-butanol (210 °C, 2 mlmin~! N,), and 1,2-pentanediol (210 °C,
3 mlmin~t Ny). (d) MIL-101-L-Pro-coated column D: mandelonitrile
(200 °C, 1.8 ml min~t N,), 1-phenylethylamine (180 °C, 2 ml min~* N,),
and methyl-2-chloropropionate (180 °C, 2 ml min~* Ny).
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MIL-101-S-2-Ppa gave good resolution for olefin aldehyde
and linear diols. The racemates of 2-methyl-2,4-pentanediol,
1,2-pentanediol and citronellal were baseline separated on the
MIL-101-S-2-Ppa-coated column (Fig. 4a). The number of
hydroxy groups plays key roles in chiral separation. For
example, the racemates of 2-butanol, 2-pentanol and 2-hexanol
with only one hydroxy group were not separated on the MIL-
101-S-2-Ppa-coated capillary column. Moreover, such poor
resolution was also observed for the separation of 1,2,6-hex-
anetriol racemates with three hydroxy groups. These
phenomena can be ascribed to the chiral matching of diols in
the chiral microenvironment and the O---H---O=C hydrogen-
bonding interactions between diols and MIL-101-S-2-Ppa. The
MIL-101-S-2-Ppa-coated column also gave good reproducibility
for GC separation of citronellal with the relative standard
deviations (RSDs) of 0.2%, 5.1% and 4.4% for the retention
time, peak height and peak area, respectively. The RSDs of day-
to-day and column-to-column for the separation of citronellal
on the MIL-101-S-2-Ppa-coated column were 2.0-2.6% and 5.0-
7.1%, respectively (Fig. S5; Tables S2 and S3, ESIT).

Baseline separation of citronellal racemates was achieved on
the MIL-101-R-Epo-coated capillary column with the phenyl
group, revealing the key roles of m-m interaction in chiral
separation of citronellal. The MIL-101-R-Epo-coated capillary
column gave good resolution for the racemates of 2-butanol and
1-heptyn-3-ol (Fig. 4b and S4, ESIt). MIL-101—(+)-Ac-.-Ta with
only hydrogen-bonding sites in the frameworks shows poor
resolution for the racemates of citronellal, but good resolution
for the racemates of 1-amino-2-propanol, 2-amino-1-butanol
and 1,2-pentanediol, revealing that the hydrogen-bonding
interaction dominates the chiral selectivity of MIL-101-(+)-Ac-
t-Ta (Fig. 4c). The hydrogen-bonding interaction caused by
chiral amino acid shows a quite different selectivity for MIL-
101-(+)-Ac-L-Ta. The tailing peaks of the studied racemates on
the MIL-101-(+)-Ac-L-Ta-coated capillary column (Fig. 4c) can be
ascribed to the strong hydrogen-bonding interactions between
MIL-101-(+)-Ac-L-Ta and the racemates. All racemates separated
on the MIL-101—(+)-Ac-1-Ta-coated capillary column possess two
kinds of hydrogen-bonding sites (-NH, and/or -OH groups),
facilitating strong hydrogen-bonding interactions between MIL-
101—(+)-Ac-1-Ta and the racemates and further leading to the
tailing peaks of these racemates. The racemates of man-
delonitrile, 1-phenylethylamine and methyl-2-chloropropionate
were separated on the MIL-101-1-Pro-coated capillary column
(Fig. 4d). The separation of these racemates on the MIL-101-1-
Pro-coated capillary column is not good, and it may be affected
by the large BOC protecting groups, which may be stuck in the
pores of MIL-101-L-Pro and lead to poor separation. However,
no racemates were separated on the MIL-101-15-(+)-Cam-coated
capillary column. This can be ascribed to the lack of w—m and
hydrogen-bonding interaction sites on 1S-(+)-Cam, which are
quite important for chiral separation of the studied racemates.
In addition, the extremely low modification percentage (4.7%)
of 15-(+)-Cam may also play significant roles in poor chiral
separation.

Although the chiral separation mechanism is difficult to
illustrate, the influence of the chiral microenvironment is
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essential. The kinetic diameters of all the studied racemates are
smaller than the pore size of MIL-101(Al)-Xs (approximately
14 A) (Fig. S6 and S7, ESI{), so we can assume that the chiral
separation mainly occurred in the pores of the MOFs. The
different chiral microenvironments constructed from various
chiral centers dominate the chiral selectivity. To further confirm
the importance of the chiral microenvironment of the MOFs,
a (+)-diacetyl-L-tartaric anhydride-coated column was prepared
for comparison. No racemates were separated on the (+)-diace-
tyl-i-tartaric anhydride-coated column, indicating that the
synergetic effect of the chiral group and the MOF structures
ensure the chiral microenvironment for chiral separation.
Other interactions such as hydrogen-bonding and -7 inter-
actions provided by chiral MIL-101(Al)-Xs also play significant
roles in chiral separation.

McReynolds constants were used to evaluate the polarity of
the stationary phases MIL-101(Al)-Xs (Table 1). The average
McReynolds constants of MIL-101(Al)-Xs stationary phases
ranged from 83 to 485, revealing weak to moderate polarities of
the MIL-101(Al)-Xs-coated capillary columns. The large X values
of MIL-101-S-2-Ppa and MIL-101-R-Epo resulted from their -7
stacking interaction with benzene. The large Y values of MIL-
101-S-2-Ppa, MIL-101-R-Epo and MIL-101—(+)-Ac-.-Ta show
their strong hydrogen-bonding ability, which gave good chiral
separation for chiral alcohols and amides.

To further understand the retention and chiral discrimina-
tion of enantiomers, the enthalpy change (AH) and entropy
change (AS) and the chiral part of enthalpy change (AAH) and
entropy change (AAS) of the MIL-101-S-2-Ppa-coated column
for citronellal racemates were measured (Fig. S8, ESIT). All of
the determined thermodynamic parameter values are negative
for the citronellal racemates (Table S4, ESIT), indicating that
both the retention and chiral discrimination of the enantiomers
on MIL-101-S-2-Ppa-coated column were driven by enthalpy.*
Moreover, (+)-citronellal has a much larger negative AS than
(—)-citronellal, indicating that (+)-citronellal becomes more
ordered in the microenvironment of MIL-101-S-2-Ppa. Mean-
while, such a configuration fit is more favorable for (+)-citro-
nellal to interact with the chiral MOFs than (—)-citronellal,
resulting in a more negative value of AH for (+)-citronellal.

Table 1 McReynolds constants of MIL-101(Al)-Xs-coated capillary
columns

Column X% Y? z° u? s¢ Ave
MIL-101-S-2-Ppa 242 364 300 165 357 286
MIL-101-R-Epo 421 538 396 207 395 391
MIL-101-(+)-Ac-L-Ta 122 409 272 107 315 245
MIL-101-1-Pro 34 149 127 108 63 83
MIL-101-1S-(+)-Cam  —134 34 10 — — —

%X represents benzene, related to weak dispersion forces and
polarizability of the phase. ” Y refers to n-butanol, related to the
hydrogen-bonding ability of the phase. °Z refers to 2-pentanone,
related to the polarizability and part of the dipolar character of the
phase. ¢ U represents nitropropane, related to the electron donor,
electron acceptor, and dipolar character of the phase. ¢S refers to
pyridine, indicating the acidic character of the phase.

n
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Two typical commercial chiral capillary columns (B-DEX 225
and CycloSil B) were employed to compare with the prepared
chiral columns (Fig. S9 and S10, ESIt). The MIL-101-S-2-Ppa
column gave much better resolution for the racemates of 2-
methyl-2,4-pentanediol, 1,2-pentanediol and citronellal than
the B-DEX 225 and CycloSil B columns as these analytes cannot
be baseline separated on both B-DEX 225 and CycloSil B
columns (Fig. S9a-c and S10a-c, and Table S1, ESIt). The MIL-
101-R-Epo and MIL-101-(+)-Ac-L-Ta columns also gave better
separation than B-DEX 225 and CycloSil B for the studied ana-
lytes. The MIL-101-L-Pro column shows comparable separation
for methyl-2-chloropropionate racemates to the CycloSil B
column (Fig. S10j and Table S1, ESIt), but lower resolution for 1-
phenylethylamine racemates than the CycloSil B column
(Fig. S10i and Table S1, ESIf). In addition, the MIL-101-L-Pro
column shows better resolution for the racemates of man-
delonitrile, 1-phenylethylamine and methyl-2-chloropropionate
than the B-DEX 225 column (Fig. S9h-j and Table S1, ESIY).
These results reveal the great potential of PSM to synthesize
chiral MOFs for chiral separation.

Conclusions

In summary, we have reported a convenient PSM approach to
design and synthesize chiral MOFs with different chiral sites for
chiral separation. Five different post-modified chiral groups were
chosen to elucidate and tune the chiral selectivity of these chiral
MOFs. The resolution of the studied racemates on chiral MOF
capillary columns is superior to that of the commercial B-DEX 225
and Cyclosil B chiral capillary columns. The chiral selectivity of
these MOFs is quite different due to their different post-modified
chiral groups. The chiral environment, and 7—m and hydrogen-
bonding interactions of the chiral MOFs play key roles in chiral
GC. Thus, we can apply the specific interaction between the post-
modified group and racemate for the rational design of diverse
target chiral MOFs for chiral separation, which can avoid the
blind synthesis of chiral MOFs. This work also provides a new way
to design and synthesize novel CSPs for chiral chromatography.
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