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Post-synthetic modification of a dynamic carborane-based soft
porous crystal (1 > DMF) by in situ polymerization of pyrrole to
polypyrrole (PPy) provided a permanently porous MOF/polypyrrole
hybrid composite material that did not show the dynamic behavior
of the mother MOF. Apart from stability, the introduction of con-
ductive PPy in the composite material brings new properties to the
otherwise non-conductive MOF.

Porous coordination polymers (CPs) or metal-organic frame-
works (MOFs) have been widely studied as functional materials
for a wide range of applications.’™ More recently, MOF-based
materials, including pristine MOFs and MOF composites have
also attracted interest in the field of electrochemical energy
storage and conversion.’™'® Since MOF discovery, much effort
has been made to assure structural rigidity of MOFs as a way to
maintain their porosity. In recent years, however, an intriguing
aspect of MOFs has emerged, namely flexibility."'” Flexible
MOFs, also known as third generation or ‘““soft porous crystals”
(SPCs)"” are bistable or multistable crystalline materials with
long range structural ordering and reversible transformability
between states. The porosity of these SPCs is usually blocked by
the guest solvent molecules that stabilize the framework and
after removal, a phase transition to a nonporous phase is
observed. Thus, flexibility often comes with the penalty of
reduced stability, and loss of porosity is often the case.'® The
work of Uemura and co-workers pioneered the stabilization of
the otherwise nonporous soft crystals by the insertion of
polystyrene into their pores.’® The polymeric guests prevent
the spontaneous collapse of the framework and result in new
and stable porous phases. This strategy has also been used for
stabilizing mesoporous MOFs and thus preserving the porosity
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MOF stability and capacitance as an electrode
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upon activation.>® Polymerization of monomers inside the
pores of MOFs is well known as a simple and convenient
method for the hybridization of polymers and porous
materials.”'>* For example, Kitagawa and coworkers have
demonstrated inclusion of typical vinyl polymers, polypyrrole
(PPy) and polythiophene (PTh), into suitable nanochannels of
various MOFs.>*®” Among the typical conductive polymers,
polypyrrole (PPy) has acted as an excellent electrode material
for supercapacitors®®° and it has been used to overcome the
poor electrical conductivity of MOFs and promote their appli-
cations in the fields of electrochemical energy storage and
supercapacitors.” "

Inspired by previous work on the stabilization of SPCs'® we
hypothesize that inserting a functional polymer guest into
these materials could modify the porous phase of the host,
generating porosity, and at the same time the polymer could
add new properties to the MOF composite. In pursuit of
synthesizing water resistant and dynamic MOFs, we previously
reported soft porous crystals (SPC) that behave as a crystalline
sponge for a variety of guests [Coz(BTB),(mCB),]-Guest (1 D
Guest; BTB: 1,3,5-benzenetricarboxylate, mCB: 1,7-bis{(piridin-
4-yl)methanol}-1,7-dicarba-closo-dodecaborane; Fig. 1). The
presence of flexible mCB ligands introduces flexibility and
water stability in the 3D structure of 1 © Guest, which shows
a crystalline sponge behavior."®*> However, the 3D structure of
1 D Guest is only stable when the 1D channels of this MOF are
occupied with DMF or aromatic solvents. When these solvents

i) MeOH, CHCl; or scCO,
ii) 802C under vacuum
é
—
DMF (100 °C)

15 DMF
Fig. 1 lllustration of the reversible phase transformation between 1 o
Guest and 2.
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are replaced by poor hydrogen bond acceptors (e.g., MeOH,
CHCl;) or removed by thermal heating under vacuum, a solid
phase transition occurs to form the 2D non-porous structure 2
(Fig. 1). Although the process is reversible, the instability of the
3D phase (1) precludes its application, as porosity remains only
in the presence of stabilizing guest solvent molecules. Taking
advantage of the porous crystal behaviour of 1 > Guest, we now
introduce pyrrole monomers into its pores and then initiate a
chemical polymerization in order to (1) stabilize the 3D struc-
ture of 1 so that it can be permanently porous and (2) increase
the electrical conductivity of the prepared composites. While
these strategies have been previously reported independently,
our report presents the first time that both strategies have been
implemented at the same time and in a highly flexible and
dynamic MOF.

Previous work reported that pyrrole (Py) can be polymerized
to polypyrrole (PPy) within MOFs.**">° Large 1D channel dimen-
sions of 1 (~11 x 13 A in 1 > DMF, Fig. 1) are, in principle,
suitable for such polymerization. To synthesize the composite,
the as made 1 > DMF was firstly immersed into neat pyrrole for
three days at 4 °C under static conditions. Pyrrole (Py) was
changed once a day and the excess was removed. Loading of Py
monomers into 1 (1 > Py thereafter) was firstly confirmed by
IR. The IR spectrum of 1 © Py showed the disappearance of the
DMF signals and appearance of representative bands of Py
(Fig. S1, ESIt). No obvious colour change was observed from
1 D DMF to 1 D Py, both being red and crystalline (Fig. S1,
ESIT). Thermogravimetric analysis (TGA) for 1 © Py showed a
loading of 6 Py monomers per formula unit (Fig. S2, ESIT). The
obtained 1 O Py was then treated with a mild oxidant (K,S,0s)
as an auxiliary oxidizing agent, for the in situ polymerization of
Py.**7> Accordingly, freshly made 1 o Py crystals were soaked
in a 0.2 M K,S,0g aqueous solution at room temperature
for 24 h to provide a black colored composite of 1 with PPy
(1 o PPy; Fig. 2 and Fig. S1, ESIf). Shorter reaction times
resulted in lower polymer contents and thus stabilization of 1
could not be achieved (vide infra). PPy contents in 1 > PPy was
determined to be ca. 26% by TGA (Fig. S3, ESIf). IR shows the
disappearance of Py monomer in 1 © PPy (Fig. S1a and b, ESIt)
and the black color of 1 > PPy evidenced the presence of PPy in
the composite crystals. A comparison of the PXRD patterns
(26: 5to12°) of 1 > DMF, 1 > Pyand 1 S PPy is shown in Fig. 2
(see complete PXRD patterns in Fig. S4, ESIT). 1 > DMF is a 3D
structure composed of 2D rigid Co/BTB layers and flexible
carborane pillars (Fig. 1). The Co/BTB layers are on the (100)
plane and the carborane pillars are on the (001) plane (Fig. S5a,
ESIt), with interlayer distances of 13.8 (20 6.46°) and 13.2 A
(20 6.68°), respectively (Table S1, ESIt). The incorporation of Py
into the channels of 1 provokes a slight increase of the (001)
interlayer distance (13.7 A; 26 6.42°, Fig. 2), consistent with the
observed breathing effect of host 1 to guest adsorption
(Fig. S5b, ESIt). However, the polymerization of Py to PPy in 1
provokes a significant change in the PXRD pattern that shows a
displacement of the diffraction peak up to 26 5.6° (15.6 A) in
1 O PPy. The larger interlayer distance, corresponding to the
low angle PXRD peaks in these materials, has significantly
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Fig. 2 PXRD data (A) and Scanning Electron Microscopy (SEM) images
(B) of 1 > DMF, 1 o Py and 1 o PPy from top to bottom. (C) N,
adsorption—desorption isotherms of 1 o PPy.

expanded from 13.8 A in 1 © Py to 15.6 A in 1 > PPy. This
displacement is consistent with the swelling of the unit cell
parameters of 1 on polymerization of Py into its pores. No such
swelling was observed when 1 > DMF was treated with K,S,04
under the same conditions (Fig. S6, ESIt). Unfortunately the
composite crystals did not diffract well, even under synchrotron
radiation.

The morphology of the crystals in SEM images of 1 > DMF
and 1 O Py is consistent with the above PXRD data. The as-
synthesized 1 > DMF (top of Fig. 2B) consists of well-defined
block shaped crystals with smooth surfaces and with dimen-
sions of ca. 500 pm. Crystals of a similar shape, size and
smooth surface are observed in the Py exchanged 1 o Py
crystals (middle of Fig. 2B). Compared with the latter two,
SEM images for the composite material 1 > PPy show a much
rougher surface (bottom of Fig. 2 and Fig. S7, ESIt). Consis-
tently with the PXRD data (Fig. 2A) the polymerization of Py
within the channels of 1 provokes a different crystalline phase
with a larger cell volume than that of 1 > DMF or 1 S Py. The
increase in the unit cell parameters in 1 O PPy is large enough
to provoke cracks as a result of the long-range strain introduced
when the internal periodicity is disrupted (Fig. 2B). SEM images
of 1 © PPy show that the crystal fragments still exhibit a similar
morphology to those in 1 > DMF or 1 S Py but now the crystals
are fully covered by layers of PPy. Partial digestion of the MOF
composite by ammonium hydroxide or crashing the crystals
show that the 2D PPy layers are not only on the surface but also
embedded within the crystals (Fig. S7 and S8, ESIt). The data
suggest that the Py monomers in the pores of 1 are effectively
polymerized into PPy that grows within the MOF network.
Complete removal of the host framework of 1 > PPy in a
solution of ammonium hydroxide allowed the isolation of the

This journal is © The Royal Society of Chemistry 2021
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intercalated PPy, which was fully characterized using SEM and
IR (Fig. S9, ESIf). The morphology of the PPy isolated from
1 D PPy correlates well with a 2D thin morphology as that
reported by Kitagawa and coworkers.>*

As mentioned above, the 3D structure of 1 > DMF trans-
forms into the non porous 2D structure 2 when immersed in
MeOH."® Thus, in order to evaluate the positive effect of the
polymer in stabilizing the structure of the composite, we
immersed 1 O PPy in excess methanol for 5 days and further
dried it at 90 °C for 12 h. The PXRD results clearly revealed that
no evidence for phase transformation can be found after
methanol treatment and drying, confirming the crucial role
of the polymer in stabilizing the porous architecture of 1 > PPy
(Fig. S10, ESIt). Sorption measurements revealed that 1 S PPy
is porous to N, at 77 K and 1 bar, and the BET surface area was
found to be 124 m? g~ * (Fig. 2C). The pore size distribution was
calculated based on the Barrett-Joyner-Halenda (BJH) model
from the adsorption curve (Fig. S11A, ESIt). Interestingly, the
micropores from the MOFs with a diameter of 1.79 nm were
still maintained, which is in good agreement with the adsorp-
tion-desorption isotherms. Mesopores (4.10 and 11.69 nm),
probably corresponding to the interparticle pores in 1 > PPy,
were also observed. PXRD measurement after the sorption
experiments provides further proof of stability for 1 o PPy
(Fig. S11B, ESIf).

Having determined that 1 S PPy is robust and permanently
porous, and considering the good conductivity of PPy, we then
evaluated the performance of the 1 > PPy composite as an
electrode material for supercapacitors (SCs). Low conductivity
of MOFs is still a key factor that prevents them from achieving
high electrochemical performance.”'® As a control, we have
also evaluated the electrochemical performance of 1 > DMF.
The preparation of the electrode is briefly described here and
the specific details are given in Fig. S12 (ESI{). First, crystals of
1 D DMF were grown onto a piece (1 cm x 1 cm) of PPy coated
nickel foam (NF@PPy). Conductive PPy on the NF substrate
allows effective nucleation and good adhesion of 1 > DMF on
the substrate.>® Following the above procedure, DMF molecules
in the obtained composite (1 > DMF/NF@PPy or 1/DMF;
Fig. 3A and Fig. S13, ESIt) were then replaced by Py (providing
1 > Py/NF@PPy or 1/Py) and finally polymerized by K,S,0g to
obtain the desired 1 > PPy/NF@PPy (1/PPy) composite elec-
trode material (Fig. 3B and Fig. S13, ESIT). The electrochemical
performance of the composites (1/PPy and 1/DMF) was tested as
electrode materials for supercapacitors using cyclic voltammetry
(Cv; Fig. 3C) and galvanostatic charge-discharge technique is
(using) three-electrode system (GCD; Fig. S14, ESIf). The CV
results show that the synthesized 1/PPy composite exhibits a
much better electrochemical performance than 1/DMF. Fig. 3C
shows the representative CV scans of both samples performed at
a scan rate of 5 mV s~ * in 1.0 M Na,SO, aqueous solution. The
1/PPy composite produces larger currents than 1/DMF, indicat-
ing that the incorporation of PPy into the MOF structure clearly
enhances the electrochemical performance of 1/PPy.>” To further
explore the electrochemical properties, we measured the CV
curves of 1/PPy and 1/DMF composites at different scan rates

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Scanning Electron Microscopy (SEM) images of 1/DMF (A) and
1/PPy (B); inset images show the composite materials grown on poly-
pyrrole coated nickel foam substrates. CV curves of 1/DMF and 1/PPy
composites at a rate of 5 mV s~ with potential from 0.0 to 0.7 V (C). Areal
capacitance versus scan rate for both composites (D).

(Fig. S14A and B, ESIY). The curves exhibit a distorted rectan-
gular shape with a mirror-image feature, suggesting a reasonable
capacitance behaviour for 1/PPy. In addition, the shape of the CV
curves does not significantly change with the increase in the
scan rates, which indicates the low resistance of the electrode.*®
Consistently, the calculated specific capacitance (C) values of
1/PPy are much higher than those of 1/DMF at scan rates ranging
from 5 to 50 mV s~ ' (Fig. 3D). At 50 mV s ', 1/PPy retains ca.
32% of its original capacitance, while 1/DMF only retains 15%.
The capacitance contribution from the NF@PPy or PPy/NF@PPy
substrates was found to be negligible (6.6 or 7.9 mF cm 2,
respectively, at 5 mV s~ '; Fig. S15, ESIf). Calculated areal
capacitance values of 1/PPy from GCD curves (Fig. S14D, ESI¥)
are comparable to those obtained from the CV curves. Thus, not
only higher capacitance but also better capacitance retention can
be clearly observed for 1/PPy compared to 1/DMF, further con-
firming that the electrochemical performance of the MOF has
been enhanced by incorporating polypyrrole. Electrochemical
impedance spectroscopy (EIS) measurements of 1/PPy and
1/DMF (Fig. S16, ESIt) indicate again the role of the PPy in
enhancing the electrical conductivity of the material. The cycling
performance of the as-prepared electrodes was further character-
ized by CV measurements at a scan rate of 5 mV s~ (Fig. S16,
ESIT). The working electrode of the 1/PPy composite exhibited an
excellent cycling capability compared to 1/DMF, with no sudden
loss in capacitance up to 1000 cycles (Fig. S17, ESIT) with the 3D
structure remaining stable (Fig. S18, ESIT). On the contrary, the
capacitance of 1/DMF drops sharply in the first 50 cycles
(Fig. S17, ESIT) and the structure transformed to non porous
2D phases (Fig. S18, ESIt). Thus, the stability of the 1 > PPy
composite in the electrode proves that the porous structure
of this new composite was maintained during the charge-
discharge processes and confirms the positive effect of the
PPy in stabilizing the porous structure of flexible and
dynamic MOFs.
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In conclusion, a highly flexible carborane-based MOF
(1 o DMF) was employed for the in situ polymerization of
pyrrole (Py) to polypyrrole (PPy). In the absence of stabilizing
DMF, the 3D structure of 1 is not stable and suffers a solid
phase transition leading to a 2D non porous structure. We
report that DMF can be easily replaced by Py in 1 > DMF
providing 1 > Py, which maintains the 3D structure and
slightly increased the cell parameters. Chemical polymerization
of the pyrrole units takes place in the pores of 1 and provides
another new stable porous phase 1 > PPy. The new MOF/
polymer hybrid composite material is stable and does not show
the flexible behaviour of the parent MOF (1 > DMF). The
introduction of conductive PPy in the structure of 1 brings new
properties to the otherwise non conductive MOF. As a proof of
concept for potential applications, we have evaluated the
performance of the 1 > PPy composite as the electrode
material for supercapacitors (SCs) and compared it with that
of the original 1 > DMF. The electrochemical results indicate a
clear improvement in charge storage ability, rate capability and
cycling stability of the MOF/polymer hybrid composite. The
specific capacitance of 1/PPy is improved seven-fold compared
to the non hybridized 1/DMF.

The present work demonstrates how new MOF polymer
hybrids can be prepared, through the combination of in situ
polymerization and highly flexible and dynamic MOFs such as
soft porous crystals or even those potentially porous MOFs that
are not stable under conventional activation conditions.
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