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Abstract: Polymer substrates have been functionalized with a MOF material (MIL-47) synthesized directly
on polyacrylonitrile using in situ microwave irradiation. The growth of MIL-47 on these substrates was
studied as a function of microwave irradiation time using scanning electron microscopy, X-ray diffraction,
Fourier transform infrared spectroscopy, and X-ray photoelectron spectroscopy. The conversion of nitrile
to carboxylic acid groups on the PAN surface was necessary for the growth of MIL-47 on the substrate.
MIL-47 crystals grew over time at the expense of a related disordered precursor phase, which lacks the
long-range order of MIL-47. This work paves the way for the development of a new class of hybrid MOF-
polymer materials that will extend the applications of MOFs to fields such as membrane separations, filtration,

and protective textiles.

1. Introduction

Metal —organic frameworks (MOFs) are crystalline materials
composed of organic linkers connecting small inorganic clusters,
which form 3D porous networks. 3 The large surface area,
accessible pore volume, chemical stability, and tailorable pore
sizes and functionalities make MOF materials promising in
applications such as hydrogen storage,© separation,’ sequestra-
tion of harmful gases® catalysis,” drug delivery,**** and in vivo
imaging.** Additionally, the incorporation of transition metal
ions in the MOF structures gives these materials interesting
optical,** electrochemical,** and magnetic properties.*~*°
Pioneering work reporting on the growth”~2* or deposition®
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of MOF materials on solid surfaces has attracted great attention
recently, because the preparation of MOF thin films promises
to extend their applications to sensors,?2*2* membrane separa-
tions,?? and catalytically active coatings.

In this work, a MOF material (MIL-47)*'® was synthesized
directly on polyacrylonitrile (PAN) substrates using in situ
microwave irradiation. MIL-47 consists of chains composed of
corner-sharing vanadium(l11) oxide octahedra connected by
terephthalate linkers (Figure 1). The resulting framework is
characterized by one-dimensional cavities that are filled by
terephthalic acid molecules in the as-synthesized material.** We
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Figure 1. MIL-47 structure: view along the b axis (top) and along the ¢
axis (bottom). Color code: green (vanadium), red (oxygen), and black
(carbon). Hydrogen atoms and guest molecules present in the pores are
omitted for clarity.

recently reported a synthetic procedure using microwave ir-
radiation for the synthesis of MIL-47 and six other new
vanadium metal —organic frameworks (V-MOFs).*® The micro-
wave synthesis'® of MIL-47 is faster and gives higher yield
(~25% in 10 min) than the previously published hydrothermal
method (~15% in 4 days).” In this work, we used the
previously developed microwave method®® to grow MIL-47
crystals directly on electrospun fiber mats or powder-coated
PAN films. We studied the growth of MIL-47 on polyacryloni-
trile substrates as a function of microwave irradiation time using
scanning electron microscopy (SEM), X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FTIR), and X-ray
photoel ectron spectroscopy (XPS). The conversion of nitrile to
carboxylic acid groups on the PAN surface was found to be a
prerequisite for the growth of MIL-47 on the substrate. We
reason that our method could usher in novel hydrid MOF-
polymer materials, which could extend application of MOFsin
fields such as filtration, chemical protective coatings, and
catalysis.

2. Results and Discussion

A paralel-plate electrospinning apparatus® was used to
electrospin a 10% PAN solution in N,N-dimethylformamide.
The electrospun fibers were collected on a grounded aluminum
foil, peeled off, folded, and finally hot-pressed (4.4 x 10° Pa)
for 5 min a 200 °C to enhance the substrate’'s mechanical
properties before the MOF functionalization. The PAN fiber
morphology is preserved after the hot-pressing procedure (Figure
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S1 of the Supporting Information). Next, the PAN substrates
were added at room temperature to vials containing terephthalic
acid (TA), vanadium trichloride, and deionized water in 4:1:
100 molar ratios and heated with microwaves (200 W) to 200
°C. Theviaswereirradiated for varying intervals of time from
5 sto 30 min. MOF crystals grew simultaneously on the PAN
substrates and in the bulk solutions. The PAN substrates coated
with MOF (hereafter termed MIL-47-sub) were removed from
the solution, rinsed and soaked in deionized water (12 h), rinsed
and soaked in methanol (24 h), and finally dried in an oven at
50 °C for 60 min before characterization. The crystals obtained
in solution (hereafter, termed MIL-47-sol) were filtered and dried
overnight in air before characterization.

The crystal morphology of MIL-47 grown on the electrospun
fibers shows an interesting evolution as a function of synthesis
time as observed with SEM (Figure 2a—e and Figure S2). After
only 5's, the polymer surface was partially covered with small
agglomerates of MOF particles. Between 30 s and 3 min of
reaction, the agglomerates grew as elongated anisotropic
structures; after 6 min, the typical morphology of MIL-47
crystals was observed with little change up to 10 min. The fibers
appear to have lost their identity and coalesced within the first
5 s of irradiation forming a more regular substrate. There was
no noticeable difference between MOF crystals grown on
electrospun PAN fibers and on cast films; in both cases, MOF
crystals were found only on the substrate surface and not in the
substrate bulk (Figure S3).

A PAN powder-coated substrate was prepared and patterned
to highlight the role of the substrate polymer chemistry on the
MOF growth. A fluoropolymer and a cross-linker were cast on
a poly(ethylene terephthalate) (PET) substrate, and the fluo-
ropolymer film was coated evenly with PAN powder prior to
curing (for details, see the experimental section in the Supporting
Information). This fluoropolymer offers excellent wettability
and, when cross-linked with a multifunctional polyisocyanate,
resultsin arigid transparent film that possesses strong adhesion
to both the PET substrate and the PAN powder. The film was
cured at 70 °C overnight, resulting in a PAN-coated, laminated
film, which was grooved on the PAN-coated side with a CNC
machine to remove the PAN in some areas. The grooved PAN-
coated film was added to avial and irradiated with microwaves
for 10 min. The microwave reaction described above resulted
in the selective functionalization of the PAN-coated areas of
the grooved, PAN powder-coated film with MIL-47 (Figure 2f).

Under the reaction conditions described above (water, 200
°C, pH = 1), PAN undergoes acid hydrolysis on the surface to
give poly(acrylic acid),?"?® and cross-linking in the bulk.?” The
carboxylic acid-functionalized PAN substrate shares the car-
boxylic functionality of the organic building block in MIL-47
and alows the materia to grow. MIL-47 does not grow on
Teflon, nor on PET, substrates that cannot be functionalized
with carboxylic groups under the same conditions. As a control,
avia containing a PAN substrate, TA, deionized water (3 mL),
and 5 drops of acid chloride (in place of VCl3) was heated with
microwaves (200 W) to 200 °C for 10 min. FTIR spectra
indicate that the PAN substrate was functionalized successfully
with TA molecules under these conditions, thus providing an
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Figure 2. SEM images of polyacrylonitrile substrate prepared initially as an electrospun nanofiber mat, coated with MIL-47 material as a function of time:
(@ 55, (b) 30s, (c) 3min, (d) 6 min, and (€) 10 min. Note that the initial fibers fused together and lost their identity very shortly after irradiation. (f)

MIL-47-coated grooved PAN.

additional route for the carboxylic functionalization (Figure $4).
For MIL-47-sub samples, the substrate color was whitish for
reactions up to 10 min, while for longer syntheses and for the
control experiment the color was red to brown, indicating for
these latter cases the formation of conjugated compounds,
possibly azopolyenes,?” in the substrate bulk.

The difference in binding energy (A) between the Ol1s and
V 2p3; levelsin XPS spectrais widely used for determining the
oxidation states of vanadium atoms in vanadium oxides® and
was used to confirm that V3* is the oxidation state of vanadium
atoms in MIL-47.%8 The characteristic A values for V>, V4*,
V3T, V2T and VO are 12.8, 14.16, 14.71, 16.33, and 17.65
eV + 0.2 eV, respectively. The A values of MIL-47-sub samples
indicate that after 5 s V3t ions were aready the primary
constituent of the MOF material and remained so for al longer
reaction times (Figure 3a).

The attenuated total reflection (ATR) FTIR spectra of MIL-
47-sub samples (Figure 3b) show very little variation as a
function of synthesis time and suggest that even after 5 s the
material on the substrate was characterized by the same chemical

(29) Silversmit, G.; Depla, D.; Poelman, H.; Marin, G. B.; De Gryse, R. J.
Electron Spectrosc. Relat. Phenom. 2004, 135, 167-175.

groups and the same chemical connectivity as MIL-47. ATR
exploits the evanescent field to probe the sample surface with
atypical penetration depth between 0.5 and 3 um if the sample
isin good contact with the ATR crystal. Consistent with the
SEM images, the PAN substrate peak is visible only for the
first sample, obtained after 5 s, which was only partialy covered
with the MIL-47. The FTIR spectra aso show that some TA
molecules may have been included in the growing MOF film.

The amorphous PAN background and the preferred crystal
orientation make the XRD characterization of MIL-47-sub
samples difficult. Nevertheless, for the sample irradiated for 10
min (MIL-47-sub-10 m), the peak at 8.84°, characteristic of
MIL-47, isclearly visible in the XRD pattern, while the pattern
of the crystals simultaneously obtained in solution (MIL-47-
sol-10 m) matches well the previously reported pattern for
MIL-47*1¢ (Figure S5).

Because of the weak patterns obtained from the MIL-47-sub
samples, we analyzed in detail the XRD pattern of MIL-47-sol
samples as a function of the reaction time. The XRD patterns
indicate that the samples were composed of a mixture of three
phases: unreacted recrystallized TA,**¢ a phase with broad
peaks in the proximity of MIL-47 peaks, which we assigned to
a disordered MIL-47 precursor phase, and MIL-47 (only for
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Table 1. MIL-47 Unit Cell Parameters, Crystallite Size (L), and
(a) Intensity Ratio (f) as a Function of the Reaction Time®
time [min] alAl b[A] c[A] L [nm] f
= 3 NA NA NA 90 0.07
« 4 17.511(5) 6.886(2) 12.170(2) 89 0.23
> 6 17.520(2) 6.890(1) 12.161(2) 85 0.43
‘B A=14.7 eV 10 17.535(3) 6.889(1) 12.152(1) 89 0.60
g 0m O e W%,
c 14.9 eV 2f is defined as the ratio of the intensities (area) of all MIL-47 peaks
. Je to the total sum of the intensities of al precursor and MIL-47 peaks
within the range of 26 from 5° to 30°.
of correlation between carbon atomsin different layers produces

510 515 520 525 530
BE (eV)

Absorbance a.u.

1800 1600 1400 1200 1000 800
Wavenumbers (cm)
(200)

(101)

Intensity a.u.

7 8 9 10 11 12
20

Figure 3. (a) XPS spectra and (b) FTIR spectra of MIL-47-coated PAN
substrates prepared from electrospun nanofibers as a function of reaction
time. (c) XRD diffraction patterns of MIL-47-sol materials as a function of
the reaction time. 5 s (purple), 30 s (orange), 3 min (brown), 4 min (blue),
6 min (green), and 10 min (red). A = 14.71 + 0.2 eV aretypical vaues for
V3 atoms in vanadium oxide materials. In the FTIR spectra, the asterisk
marks a peak belonging to the polyacrylonitrile substrate, while peaks
belonging to terephthalic molecules are highlighted by dotted vertical lines.
Data are displayed with an offset for clarity.

syntheses longer than 3 min). The fitting of the XRD pattern
with these three phases was good (Figure S6); however, a
systematic error was observed, due to the strong asymmetry of
the (101), (202), (303) and possibly (301), (112), (302), (321),
and (503) MIL-47 peaks (see Figure S7). It is likely that the
peak asymmetries were caused by systematic crystal defects
along specific directions, as observed in pillared clays due to
planar disorder,* or multiwall carbon nanotubes, where the lack

15690 J. AM. CHEM. SOC. = VOL. 132, NO. 44, 2010

an asymmetrical “sawtooth” shape to some peaks.®* In MIL-
47, VO chains are aligned in the [010] direction and lie in the
(hQl) planes, while the terephthalic dicarboxylate ligands are
aligned aong the [hOI] direction (Figure 1). The asymmetrical
shape to the (h0l) peaks indicates that, while the atoms were
well ordered within any given (h0l) plane, the TA ligands were
not fully ordered, suggesting the presence of connectivity defects
between the chains. Other planes that exhibit some asymmetry
are planes nearly parallel to the (hOl) planes.

We used mica as areference standard to estimate the average
crystallite size from the Williamson—Hull plot (Figures S8, S9).
The Williamson—Hull analysis and the unit cell refinement (see
Supporting Information for details) show that the MIL-47
average crystallite sizes and unit cell parameters do not change
significantly as afunction of theirradiation time (Table 1). From
the Williamson—Hull plot, it appears in general that peaks
corresponding to directions most closely paralel to [101] were
broader than other peaks (Figure S9). This agrees with the
hypothesis that the MIL-47 crystals are more disordered in the
[201] direction, leading to smaller domain sizes.

The relative intensities of the pesks assigned to the precursor
phase initidly increase with respect to TA with increasing
irradiation time, but decrease relative to the MIL-47 when the | atter
become observable (Table 1). Thefirgt, most intense MIL-47 pesks
observable after 3 min of irradiation are assgned to the (200), (210),
(020), and (420) planes. The crystalline order is thus obtained first
in the (hk0) planes, which include the vanadium oxide chains. At
the same time, the (h0l) planes (perpendicular to the chains) have
systematicaly larger full widths a half maximum (fwhm's) and
asymmetric peak shapes, indicating the presence of connectivity
defects between the chains.

If the precursor phase were nanocrystalline MIL-47, we would
expect to see a sharpening of peaks with irradiation time,
reflecting a progressive crystal growth. Instead, the line profile
analysisindicates that crystalline MIL-47 always has an average
crystallite size of ~80 nm, with some subset of peaks corre-
sponding to shorter domain lengthsin the [101] direction. These
observations, combined with FTIR and XPS data, show that
MIL-47 grows at the expense of a disordered precursor phase
that is made of the same building blocks but lacks long-range
order. The long-range order is established initially along the
vanadium oxide chains and eventually propagates on the
perpendicular planes. This interpretation reflects the difficulty
with which TA molecules are able to bind adjacent chains and
results in a relatively large number of connectivity defects in
the (hOl) planes.
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3. Conclusions

We report for the first time the synthesis and growth of a
MOF material on a polymer substrate using fast microwave
irradiation. The concomitant in situ functionalization of the PAN
substrate with carboxylic acid groupsis necessary for the MOF
growth on the substrate. The combined SEM, FTIR, XPS, and
XRD analysis provides evidence for the first time of MOF
growth at the expense of an amorphous precursor phase, which
is present even after only 5 s of microwave irradiation. This
precursor phase is characterized by the same chemical groups,
same chemical connectivity, and the same vanadium oxidation
state as MIL-47 material. However, the precursor phase is not
ananocrystalline MIL-47 phase, but a closely related disordered
phase. The present work demonstrates a novel technology to
coat polymer fibers, sheets, films, etc., with functional materials
such as MOFs. This technology could usher in novel applica

tions of MOFs in fields such as filtration, chemical protective
coatings, and catalysis.
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