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A hierarchical system of highly porous nanofibers has been
prepared by electrospinning MOF (metal-organic framework)
nanoparticles with suitable carrier polymers. Nitrogen adsorption
proved the MOF nanoparticles to be fully accessible inside the
polymeric fibers.

The design of hierarchical nanostructures is a long-sought goal
of materials science and there has been extensive research into
various “top-down” and “‘bottom-up’’ methods to create these
nanostructures. Electrospinning is one of the simplest top-
down methods that allows for an easy generation of nanofibers
from a wide variety of materials, especially polymers which
were proven to be useful for many applications like filtration
or controlled drug-release.'?

However, in spite of various attempts, the preparation of
porous polymeric nanofibers with high surface areas could not
be realized so far.

Isotactic polymers like PLLA (poly-L-lactide) and blends
thereof™* have been electrospun from solvent mixtures to
produce porous fibers.> Another approach applicable to
various polymers is to use a cryogenic liquid to trap some of
the solvent inside the fibers, followed by an extraction of the
solvent under reduced pressure to yield some porosity.®
However, the specific surface area of such “porous’ polymeric
fibers is always quite low, usually in the range of 10-15m? g™,
corresponding only to an increase by a factor of 2-3 compared
to the corresponding “‘non-porous” fibers. Only in inorganic
or carbonized PAN (polyacrylonitrile) fibers sufficient micro-
porosity can be found allowing for surface areas of up to 300
or 600 m* g~ ! respectively.”8 Highly porous polymers remain
special cases with a high degree of (hyper)cross-linking like
PIMs (polymers of intrinsic porosity)’!! and have not been
prepared in the form of nanofibers so far.

In contrast, metal-organic frameworks (MOF) are crystal-
line coordination polymers that are well known for their
extremely high porosity and surface areas.'? Zeolitic imidazolate
framework (ZIF) materials constitute a new subclass of MOFs
that combine the properties of porous MOFs with high
chemical and thermal stability.'* Various MOFs, including
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Z1Fs, have been very recently used as fillers for the fabrication
of mixed matrix membranes.'*!

In order to achieve a homogeneous distribution of filler
particles within an organic polymer matrix it should be
beneficial to use monodisperse nanoparticles. Recently,
Cravillon et al. succeeded in preparing nanocrystals of a
prototypical ZIF material, ZIF-8, that are 50 nm in size and
have a rather narrow size distribution.'®

Similar nanocrystals have recently been shown to exhibit
distinct advantages like faster adsorption kinetics for porous
coordination polymers.'’

In this work we present for the first time the synthesis and
characterization of composite MOF-polymer nanofibers
combining the advantages of both types of materials to
achieve a novel class of hierarchical nanostructure.

The colloidal suspensions of ZIF-8 nanoparticles in methanol
were prepared as described before.'® Briefly, a solution of
appropriate amounts of Zn(INOs),-6H,O and 2-methylimidazole
in methanol was stirred at room temperature for 1 h, before
separating the resulting nanocrystals by centrifugation. The
Z1F-8 nanoparticles were redispersed in fresh methanol by
vortex mixing and ultrasonic agitation and a part of the
solution was dried at 80 °C under reduced pressure to
determine the concentration to be 3.5-4.5 wt% of ZIF-8. In
a typical electrospinning experiment, 500 mg of a solution of
12 wt% PVP (polyvinylpyrrolidone, molecular weight
(MW) = 1300000) in methanol was added to 400-2000 mg
of the ZIF-8 dispersion and mixed thoroughly. The solution
was diluted or concentrated under reduced pressure to yield a
final concentration of 3.5 wt% of PVP. This solution was fed
through a metallic needle by a syringe pump (KDS scientific)
at the rate of 0.35 ml h™'. The needle is placed at a distance of
6-8 cm from the aluminium foil that serves as collector and a
voltage of 5 kV (Spellman CZE1000R high-voltage power
supply) was applied to produce a non-woven mat
(see Fig. 1-3). The composite PVP-ZIF-8 nanofibers and the
dried ZIF nanoparticles were characterized by SEM (LEO
Gemini 982), TEM (Philips CM30-ST), XRD (Panalytical
X’Pert PRO diffractometer) and N, adsorption (Quantachrome
Autosorb 1 and 6).

The diameter of the nanofibers could be adjusted by the
polymer concentration and was found to be roughly 150-300 nm.
The nanoparticle loading could be as high as 1:1 by
weight ratio of ZIF-8 to PVP. SEM and TEM revealed a
homogeneous distribution of the nanoparticles inside the
fibers with a smooth polymeric surface.

As can be seen from Fig. 3, macroscopic non-wovens can be
obtained on the centimetre scale. Thus, the composite fibers
can be regarded as a “MOF textile”, combining the properties
of polymeric fibers and MOFs.
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Fig. 1 SEM of ZIF-8 nanoparticles in PVP.
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Fig. 2 TEM of ZIF-8 nanoparticles in PVP.

Fig. 3 Digital photograph of a non-woven ZIF-8—PVP fiber mat. The
diameter is ca. 1.5 cm.

A comparison of XRD patterns of the ZIF-8 nanofibers and
the pure nanoparticles showed the crystal structure to be
preserved (see ESIf). From N, adsorption measurements
(Fig. 4) including micropore analysis, the surface area according
to the BET model was 960 m> g~' for the pure ZIF-8, while the
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Fig. 4 Nitrogen adsorption isotherms of ZIF-8 nanoparticles in PS
and PVP (with different loadings of ZIF-8). For clarity the desorption
branch is omitted and the curves have been scaled to 100% ZIF-8
content.

Table 1 Nitrogen adsorption data

ZIF-8 Micropore Surface Accessible
concentration”  volume/  area’/ ZIF-8 fraction”
Sample  (Wt%) cm® g ! m? g’1 (Wt%)
ZIF-8 100 0.49 960 100
ZIF in 56 0.18 530 55.1
PVP
ZIF in 22 0.07 180 19.1
PVP
ZIFinPS 25 0.07 210 22.7
PVPonly O <0.002 10 n/a

@ As weighed in. ® According to the BET model.

fibers possessed surface areas of up to 530 m> g~ ! for a weight
ratio of approx. 1 : 1 ZIF-8 to PVP. As can be seen in Fig. 4,
the adsorption branch for the fibers is shifted to higher
pressure. The two steps on the adsorption isotherms that have
been ascribed!® to pressure-induced adsorbate reorganization
are less pronounced, but still visible for the composite fibers.
For lower loadings of ZIF-8 (see Table 1) the surface area
decreased accordingly, proving the ZIF-8 nanoparticles to be
fully accessible inside the polymeric nanofibers.

The nanofibers are stable in the as-prepared form up to 150 °C
and do not degrade in organic solvents such as hexane, but are
sensitive to polar solvents of the polymer such as alcohol or
water, causing the nanofibers to coalesce.

Using other polymers like polystyrene (PS) and poly-
ethylene oxide (PEO) allows increasing the fibers’ stability
and widening the range of possible applications.

In particular, the PS-ZIF-8 nanofibers are stable in
alcohols and water and the surface area was fully accessible
(determined by nitrogen sorption), even if the ZIF-8 loading
up to 25 wt% was slightly lower. Higher loadings should be
possible by tuning the synthesis parameter and functionalizing
the surface of the ZIF-8 nanoparticles with less polar
molecules (see ESIT for details of preparation).

The adsorption measurements show that the ZIF-8 nano-
particles are fully accessible. We further compared the adsorption
kinetics of the nanofibers to bare nano- and micrometer-size
particles (prepared by classical solvothermal synthesis and
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Fig. 5 N, adsorption kinetics studied as cell pressure over time.

referred to as “‘microparticles’’) by determining the time to
reach equilibrium pressure after dosing a defined amount of
adsorbate into the evacuated sample cell.

Although we cannot propose a model yet, it is obvious that
diffusion inside the ZIF-8 is much slower than in the gas phase
and that external surface area and the presence of a polymer
layer determine the kinetics of adsorption.

As can be seen in Fig. 5 the nanoparticles attain equilibrium
after 30 s, while the microparticles and the nanofibers require
100-120 s.

Most of the faster kinetics of the nanoparticles can probably
be accounted for by the larger external surface area being ten
times larger compared to the microparticles, while diffusion
inside ZIF-§ is fast. The polymer layer around the fibers
constitutes an additional diffusion barrier, therefore the nitrogen
uptake is also slower than for the pure nanoparticles, but still
as fast as for the microparticles. In fact, a low thickness of the
polymer layer is crucial, as for polymer films or coalesced fiber
mats, the kinetics become too slow to observe significant
adsorption and accessible surface areas drop below 20 m? g~ '.

The results from N, adsorption were corroborated by CO,
as adsorbate (see ESIf for isotherms and kinetics data).

Further results indicate that the different carrier polymers
also affect the adsorption kinetics. It is found that the uptake
is faster for PVP than for PS- and PEO-based nanofibers
(see ESIt for SEM pictures, N, isotherms and kinetics data).
In this regard, blends of polymers hold great promise as well.

As the carrier polymers and the degree of nanoparticle
coverage by the polymer should also influence the absorption,
this might allow tuning the selectivity of adsorption, especially
with different gases. Therefore we are planning a systematic
study for more relevant adsorbates like hydrogen, carbon

dioxide or monoxide. Due to their low resistance to fluid flow,
the nanofiber mats could ultimately be useful to selectively
adsorb specific gases, for example carbon monoxide in
gas masks.

In conclusion, we could prepare nanofibers of a metal—
organic framework for the first time by electrospinning
preformed nanoparticles, thereby creating hierarchical nano-
fibers with high surface areas and good accessibility. With the
anticipated availability of other MOF materials as nano-
particles, a broad variety of MOF nanofibers should be
accessible with various applications, for example in gas
adsorption and separation.

Dr A. Moller (Institut fiir Nichtklassische Chemie, Leipzig,
Germany) is acknowledged for CO, sorption measurements.
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