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Metal-organic frameworks (MOFs) have received great
attention because of their fascinating structures!"! and intrigu-
ing applications in hydrogen storage,” gas separation,”
catalysis,*! chiral separation,”! sensing[® and imaging.[”
Recently, MOFs such as MOF-508,®1 MIL-47,”) and MIL-
5309 have been shown to be promising as stationary phases
for gas chromatography (GC)P*%*4 and liquid chromatog-
raphy.”»<1%11 A[] these pioneering works on the utilization of
MOFs as stationary phases in chromatography were per-
formed on packed columns. However, packed columns
usually result in low resolution as a result of peak broadening,
which impairs the separation efficiency of MOFs. Moreover,
gram-scale MOFs are needed for packed columns, leading to
high-cost applications of MOFs as stationary phases in
chromatographic separation. In contrast, capillary columns,
either wall-coated open tubular (WCOT) columns or porous
layer open tube (PLOT) columns,'? involve a thin film of
MOFs coated on their inner walls, and thus improve the
resolving power of MOFs and reduce the amount of MOFs
required for GC applications. However, to the best of our
knowledge, no work on the utilization of MOFs as stationary
phases for high-resolution capillary GC separation has been
reported so far.

Herein we show the first fabrication of the MOF-coated
capillary column for high-resolution GC separation. For a
proof-of-concept demonstration, we choose MIL-101 as the
stationary phase and xylene isomers and ethylbenzene (EB)
as the targets for separation.

Xylene isomers and EB are important raw chemicals in
industry; in particular, p-xylene is used in the manufacture of
terephthalic acid for the polyester industry.'”! The separation
and detection of individual xylene isomers and EB are also of
environmental concern, and of great practical interest in air
monitoring!" and blood analysis."® For these reasons,
numerous stationary phases have been developed for GC
separation of xylene isomers and EB, for example, 7,8-
benzoquinoline,'® tetrachlorophthalate,” 1,8-diaminonaph-
thalene," modified organo-clays Bentone-34,1) liquid-crys-
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talline compounds,” B-cyclodextrin derivatives,'**! poly-
(ethylene glycol),™ and MIL-47.”"! However, long analysis
time (27-90 min)!"7*2%*2] or temperature programming>>
is often needed.

MIL-101 is a chromium terephthalate MOF with coor-
dinatively unsaturated sites (CUS)."*! We utilized MIL-101 as
the stationary phase because of its high surface area, large
pores (2.9-3.4 nm), accessible CUS, and excellent chemical
and thermal stability,? which make it an attractive candidate
for isomer separation. However, MIL-101 has never been
explored as the stationary phase for chromatographic sepa-
ration before, even though the tiny crystal size characteristic
of MIL-101 is beneficial to the fabrication of MIL-101 coated
capillary columns by a dynamic coating method.['**=!

In this work, we prepared the MIL-101 coated capillary
column and achieved a baseline separation of p-xylene, o-
xylene, m-xylene, and EB on the fabricated MOF coated
capillary column by GC within 1.6 min without the need for
temperature programming (Figure 1).
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Figure 1. GC separation of xylene isomers and EB on a MIL-101 coated
capillary column (15 m long x 0.53 mm i.d.) at 160°C under a N, flow
rate of 3 mLmin~". The mass of each isomer is 350 ng.

The MIL-101 coated capillary column was fabricated by a
dynamic coating method.">! First, MIL-101 was synthesized
according to the method of Férey et al. (see the Supporting
Information).” Then, a suspension of MIL-101 in ethanol
was filled into a fused silica capillary column under gas
pressure to dynamically coat the MIL-101 on the inner wall of
the capillary column, as described in experimental section.
Figure 2 shows scanning electron microscopy (SEM) images
of the cross section of the fabricated capillary column (15 m
long x 0.53 mm i.d.; i.d. =internal diameter) and the coated
MIL-101 films on the inner wall of the capillary column. The
fabricated capillary column had an approximately 0.4 um
thick MIL-101 coating on the inner wall (Figure 2 a, inset) and
showed high resolution and selectivity for the separation of
xylene isomers and EB (Figure 1). All the targets in the
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Figure 2. SEM images of a) the cross section of MIL-101 coated
capillary column (inset shows the thickness of the MIL-101 coating);
and b) MIL-101 deposited on the inner wall of the capillary column.

mixture were well resolved and baseline separated from each
other in less than 1.6 min, which had not been achieved on
packed columns of MIL-47 or MIL-53.0**1%1 The number of
theoretical plates calculated from p-xylene was up to
3800 platesm™' for the MIL-101 coated capillary column
(Figure 3d), which is much larger than that of the packed
columns. The present MIL-101 coated capillary column even
efficiently separated p-xylene and m-xylene, even though
such separation is challenging in the chemical industry
because of the similarity of their boiling points. Moreover,
only 1 mg MIL-101 was needed for the fabrication of a
capillary column, which substantially improves the cost
efficiency of MOFs in chromatographic separation.
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Figure 3. Parameters affecting the separation of xylene isomers and
EB: a) effect of temperature on selectivity; 0 o-xylene/m-xylene, A o-
xylene/ethylbenzene, o ethylbenzene/m-xylene, m m-xylene/p-xylene;
b) effect of temperature on resolution, symbols see panel (a); c) effect
of analyte mass on the peak area response (@) and capacity factor
(2); and d) effect of analyte mass on column efficiency (m) and
asymmetry factor (0). The asymmetry factor is defined as the distance
from the center line of the peak to the back slope divided by the
distance from the center line of the peak to the front slope, with all
measurements made at 10% of the maximum peak height. All experi-

ments were performed at a N, flow rate of 2.3 mLmin~".

The resolution and selectivity for the separation of xylene
isomers and EB on the MIL-101 coated capillary column were
affected by temperature and the mass of isomers. Increasing
the temperature from 135°C to 170°C decreased the selec-
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tivity (Figure 3a), but substantially improved the column
efficiency (Figure S1 in the Supporting Information). As a
result, the resolution of xylene isomers and EB on the MIL-
101 coated capillary column was stable over a broad temper-
ature range, thus facilitating the choice of temperature for
effective separation (Figure 3b). Moreover, the separation of
xylene isomers and EB mixture on the MIL-101 coated
capillary column did not require temperature-programmed
control, which was essential for some other stationary phases,
such as poly(ethylene glycol), for separation of the same
mixture.['”)

Increasing the injected analyte mass resulted in a linear
increase of chromatographic peak area, but no change in
retention time, and thereby a stable capacity factor (Fig-
ure 3¢). This feature of the present MIL-101 coated capillary
column is favorable for its application to both qualitative and
quantitative analysis. However, the column efficiency
decreased as the injected analyte mass was increased (Fig-
ure 3d). More analyte mass injected also led to larger
asymmetric factors, suggesting peak tailing to a greater
extent.

Considering the molecular size of xylene isomers and EB
(0.58 to 0.68 nm), the size selectivity of the MIL-101 coated
capillary column could not be rationalized because of the
large pore window diameter (1.4 and 1.6 nm) of MIL-101.2!
The typical elution sequence of xylene isomers and EB
commonly observed in ordinary stationary phases such as
(5 %-phenyl)-methylpolysiloxane,? which usually follows
the order of boiling points (EB (136°C) < p-xylene
(138°C) & m-xylene (139°C) < o-xylene (144°C)), was not
observed on the MIL-101 coated capillary column (Figure 1).
In particular, EB eluted after p-xylene and m-xylene, and
before o-xylene on the MIL-101 coated capillary column. The
same elution order was also observed on MIL-47"" and a f-
cyclodextrin column*?"l because of the pore-filling effect
and guest-host interactions.””>?

The excellent selectivity of the MIL-101 coated capillary
column for the separation of xylene isomers and EB
originated not only from the host—guest interactions, but
also from the CUS and suitable polarity of MIL-101.

Numerous CUS in MIL-101 enabled the surface function-
alization to modify the characteristics of the pore.”>?” To
demonstrate the effect of CUS on the separation of xylene
isomers and EB, we grafted pyridine to the CUS of MIL-101
by postsynthetic modification (see the Supporting Informa-
tion). The successful modification of MIL-101 to form
pyridine-grafted MIL-101 was confirmed by thermal gravi-
metric analysis (TGA), X-ray diffraction (XRD) spectrome-
try, Fourier transform infrared (FTIR) spectroscopy, N,
adsorption, and SEM experiments (Supporting Information,
Figures S2-S5). The pyridine-grafted MIL-101 coated capil-
lary column obtained by using the same dynamic method did
not offer baseline separation of p-xylene from m-xylene in the
mixture of xylene isomers and EB (Figure S6) because the
occupation of the CUS by the pyridine would decrease the
electron donor and acceptor interactions between the MIL-
101 stationary phase and isomers, and thus impair the
selectivity.
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Polarity is an important factor affecting the selectivity for
the separation of xylene isomers and EB. To investigate its
effect, McReynolds constants were measured to evaluate the
polarity of the MIL-101 and pyridine-grafted MIL-101 sta-
tionary phases (see the Supporting Information).?! The
McReynolds constants show weak polarity for MIL-101,
which is comparable to that of dioctyl phthalate (Table 1).

Table 1: McReynolds constants of the MIL-101 and pyridine-grafted MIL-
101 stationary phases.

Column X & z14 yH st

dioctyl phthalatel 92 186 150 236 157
MIL-101®! 102 182 - 270 -
pyridine-grafted MIL-101%! 39 135 - 88 -

[a] Data from Ref. [28a]; [b] measured at 160°C; [c] X, Y, Z, U, and S refer
to benzene, butanol, 2-pentanone, nitropropane, and pyridine, respec-
tively.

The suitable polarity of MIL-101 is of benefit to the
separation of xylene isomers and EB because of the differ-
ence in the polarity of these isomers. 2-Pentanone and
pyridine were not eluted on the MIL-101 coated capillary
column because of the strong electron acceptor and donor
interactions offered by the CUS. Postsynthetic modification
of MIL-101 by pyridine also affected the polarity of the MOF.
The McReynolds constants of pyridine-grafted MIL-101 were
much smaller than those of MIL-101. It was demonstrated
that the McReynolds test solutes were more likely to retain on
the MIL-101 with CUS.

The capability of the MIL-101 coated capillary column
was further demonstrated by high-resolution GC separation
of two other isomer mixtures of substituted benzene deriv-
atives (o-, m-, and p-chlorotoluene; and 1,3,5-trimethylben-
zene, n-propylbenzene, and isopropylbenzene), as well as a
mixture of n-alkanes with a broad range of boiling points
(Figure 4).

In summary, we have fabricated the first MOF-coated
capillary column using MIL-101 as the stationary phase for
high-resolution GC separation of isomers. The results
reported herein are very promising for the application of
MOFs for high-resolution capillary GC. Further research
should focus on the potential of other MOFs for high-
resolution separation, even for high-resolution enantiosepa-
ration of chiral compounds.

Experimental Section

MIL-101 was synthesized according to the method of Férey et al.**!
Details for the synthesis of MIL-101, the postsynthetic modification
of MIL-101, and the pretreatment of the capillary column are
described in the Supporting Information. MIL-101 and pyridine-
grafted MIL-101 were coated onto the pretreated capillary column by
a dynamic coating method as follows.") A 0.5 mL suspension of
MIL-101 or pyridine-grafted MIL-101 (2 mgmL™") in ethanol was
first filled as a plug into the capillary column under gas pressure, and
then pushed through the column at a rate of 40 cmmin™ to leave a
wet coating layer on the inner wall of the capillary column. To avoid
acceleration of the solution plug near the end of the column, a 1 m

Angew. Chem. Int. Ed. 2010, 49, 14771480

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

) m-chiorotoluene p-chlorotoluene b)n-propylbenzene isopropylbenzene
o-chlorotoluene 1,3,5-trimethylbenzene
1Tmv
va
00 05 10 15 20 25 00 05 10 15 20 25
Time/min —— Time/min ——
c) 1 d)
112413 |4 [|5 ||6
2
3 0.01 mV|
[1mv 4 |
5
6
0 2 4 6 8 2 3 4 5 6

“Time/min — Time/min —»

Figure 4. GC chromatograms on the MIL-101 coated capillary column
(15 m longx0.53 mm i.d.) for the separation of a) m-, p-, and o-
chlorotoluene (890 ng each) at a N, flow rate of 3 mLmin™' under
160°C; b) 1,3,5-trimethylbenzene, n-propylbenzene, and isopropylben-
zene (1.0 ug each) at a N, flow rate of 3 mLmin~" under 160°C; and
c) n-alkanes (1: hexane; 2: heptane; 3: octane; 4: nonane; 5: decane;
6: undecane; 7: dodecane; 8: tetradecane) using a three-step temper-
ature program: 60°C for 0.2 min, then 20°C min ' to 200°C, and
finally 200°C for the remainder of the measurement; d) expanded view
of (c) showing the high-resolution separation of the impurities in the
n-alkanes mixture.

long buffer tube was attached to the end of the capillary column as a
restrictor. After coating, the capillary column settled for 2 h for
conditioning under nitrogen. Further conditioning of the capillary
column was carried out using a temperature program including three
steps: 25°C for 10 min, ramp from 25°C to 240°C at a rate of
2°Cmin~?, and 240°C for 30 min.

GC measurements were performed on a Trace GC Ultra system
(Thermo Scientific, Waltham, MA, USA) with a flame ionization
detector (FID). Nitrogen (99.999 %) was used as the carrier gas. A
split ratio of 20:1 was used for all experiments. Data acquisition and
processing were controlled by Thermo Chrom-Card software.
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