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. The performance of two generation-3 light-responsive metal-organic framework (MOF), namely

: JUC-62 and PCN-250, was investigated in a mixed matrix membrane (MMM) form. Both of them were

: incorporated inside the matrimid as the polymer matrix. Using our custom-designed membrane testing
cell, it was observed that the MMMs showed up to 9% difference in CO, permeability between its
pristine and UV-irradiated condition. This shows that the light-responsive ability of the light-responsive

. MOFs could still be maintained. Thus, this finding is applicable in designing a smart material. Apart from

. that, the MMMs also has the potential to be applied for post-combustion carbon capture. At loadings

. upto15wt%, both CO, permeability and CO,/N, ideal selectivity could be significantly improved and

. surpassed the value exhibited by most of the MOF-matrimid MMM. Lastly the long term performance of

© the MMM was also evaluated and it was observed that both MMM could maintain their performance up

. to 1 month with only a slight decrease in CO, permeability observed for 10 wt% PCN-250-matrimid. This

. study then opens up the possibility to fabricate a novel anti-aging multifunctional membrane material

. that s applicable as a smart material and also in post combustion carbon capture applications.

Membranes have been widely investigated for various promising applications ranging from energy-related appli-
cation to smart material?. In many membrane applications, polymeric membranes are still widely used because
of their ease of processing and economical considerations. There are then various ways to modify and improve
the properties of the pristine polymeric membrane that is limited by its own property. Mixed-matrix approach is
° apromising way to accomplish the task because of its simplicity in processing. In mixed matrix membrane, func-
. tionalized materials are usually incorporated inside the polymer membrane to improve the overall mixed matrix
. membranes property. Various functionalized materials can then be used to fabricate mixed matrix membranes
such as: carbon nanotube®*, zeolite>® and recently metal-organic framework (MOF)”~.

Metal-organic framework (MOF) is a relatively new class of hybrid material built from metal cluster linked by
organic ligands resulting in a porous structure. MOFs have gained increased interest because of various reasons
starting from their exceptional physical properties such as large pore size, high surface area, pore size tailorability
and their promising applications in gas separation, catalysis, template for constructing other materials, and other
applications!®-1%. Recent developments have also shown the possibility to render MOFs with a stimuli-responsive
ability. Such MOFs can then exhibit different behaviours upon exposure to different circumstances such as: the

© presence of guest molecules', changing in pressure'®, temperature fluctuation'®, magnetic condition'’, and light
exposure'®. Among the stimulants, light can be considered as the most convenient because of its abundance and
rarely generate any side products.
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This then leads to developments in various light-responsive MOFs that can be further divided into three main
categories: generation 1 with photoswitchable guest molecule?®?!, generation-2 that has pendant photoswitchable
moiety inside the pore?>~?* and generation-3 whose framework is built using a photoresponsive ligand?-?*. Such
MOF can be tailored to have different behaviour upon exposure to UV light or visible light. In particular, such
behavioural difference is usually observed by different CO, adsorption, which makes them also applicable for low
energy CO, capture®. Various studies have been conducted since then using light-responsive MOFs when they
were fabricated as a MOF membrane and tested their performance®-*%. However, to the best of our knowledge,
there is no research up to now studying its performance once they are incorporated inside a polymer matrix to
form a mixed matrix membrane and in particular to address the challenge to have a multifunctional material.

This study then focuses on studying the performance of generation-3 light-responsive MOF in a mixed
matrix membrane to improve the overall property of the resulting mixed matrix membranes. Generation-3
light-responsive MOFs were chosen because their pores are not obstructed by any pendant group of the
light-responsive moiety. This condition is preferable to maximize the porosity in the MOFs which also contributes
to enhancing the mixed matrix membrane performance. Apart from that, generation-3 light-responsive MOFs
are also known to be efficient for photo-switching ability, since they have instantaneous response under different
light conditions. In particular for this study, JUC-62 and PCN-250 were chosen as the light-responsive MOFs
since they are relatively stable when stored under ambient condition. Apart from that, we are interested in this
topic because the wider applicability of such light-responsive MOFs has been rarely explored.

Thus say, this study focuses on two different areas where these mixed matrix membranes can be applied.
Firstly, the light-responsive ability of the resulting mixed matrix membranes were evaluated. This importance
of the study lies once such membranes are to be applied in an area that requires stimuli-responsive materi-
als such as microcontroller or smart-membrane area. Secondly, we studied the mixed matrix membranes for
the post-combustion carbon capture area for CO,/N, separation. This is because various studies have shown
improvement in gas separation property coming from mixed matrix membranes’. To complete the study, we also
investigated the aging of the mixed matrix membranes to evaluate their long-term performance. This study will
then contribute in designing a platform for a multifunctional membrane that is applicable in smart material and
clean energy.

Results

Mixed matrix membrane characterization. As stated above, JUC-62 and PCN-250 can be classified as
ones of the most recent generation-3 light-responsive MOFs since they are built from a responsive framework.
The crystal structure of these two materials can be seen in Figures S3 and S4 from supplementary information.
The BET surface area for both light-responsive MOFs calculated from nitrogen sorption data was found to be
around 1020 and 1376 m?/g, respectively. Both JUC-62 and PCN-250-matrimid mixed matrix membranes were
then characterized by using various characterization techniques such as PXRD, FTIR, TGA and SEM.

Figure 1 shows the PXRD spectrum of the calculated pattern of the MOFs, MOFs particle, matrimid and the
mixed-matrix membranes. Matrimid has a broad PXRD spectrum indicating its nature as a non-crystalline mate-
rial. It could be seen that the PXRD spectrum of the resulting mixed matrix membranes started to give identity
peaks of the MOFs at a relatively low loading. The relative intensity of the MOFs’ identity peaks started to increase
once the loading got higher. For JUC-62-matrimid mixed matrix membranes, all 4 identity peaks of JUC-62
below 20° clearly appeared at 15 wt% loading while the 10 wt% PCN-250-matrimid mixed matrix membrane gave
two identity peaks owned by PCN-250 particle. It could also be observed that compared to the MOF particles and
its calculated pattern, all the peaks in the mixed matrix membrane were slightly shifted toward higher 26 value. It
has been previously observed that a shift in PXRD pattern of a MOF-mixed matrix membrane could actually be
shifted because of the interaction between the polymer and the framework?®®. According to Bragg’s Law, increase
in 20 value corresponds to the decrease in lattice parameter. In our case, the interaction occurs between the mat-
rimid and the MOF’s framework, which can come from the azobenene group, might result in a slight contraction
of the MOF framework®**”. However, this does not destroy the MOF framework since all the identity peaks could
still be preserved.

Figure 2 shows the FTIR spectrum of the MOFs, bare matrimid and the mixed matrix membranes. In general,
all the mixed matrix membranes spectrums have additional peaks that appear around 1620, 1400, and 770 cm™!
which are characteristic to the presence of azobenzene group®*~*. In particular, the “fingerprint” region between
1700-1000 cm ™! could be attributed to the vibration of C=C from azo-phenyl group that occurs around 1600
cm~!* and N=N bonding coming from the azobenzene group at around 1400 cm ™' . These then give an indica-
tion of the presence of the light-responsive MOFs inside the mixed matrix membranes.

Thermal analysis was also performed on the mixed matrix membranes. The TGA data is shown in Fig. 3 and
shows the agreement between the mass loss inside the matrix and the mass loss from the pure MOE. Between
250°C-400°C, JUC-62 lost about 70% of its total mass. It was found from TGA analysis that 5wt%, 10 wt% and
15wt% JUC-62-matrimid lost about 4%, 7% and 11% of its total mass, respectively. Meanwhile for PCN-250, the
particle lost about 60% of its total mass after total degradation (between 250 °C-400°C). And it was found that
the mixed matrix membranes lost about 3% and 6% of its total mass for 5wt% and 10 wt% PCN-250-matrimid,
respectively.

It should be noted that the DSC analysis might not be suitable to be applied here. Usually in DSC analysis, a
shift in glass transition temperature of the mixed matrix membranes should be expected. However, for the MOFs
used in this study, the degradation of the framework was observed to start at around 300 °C where JUC-62 and
PCN-250 underwent total and partial degradation, respectively. This temperature is below the glass transition
temperature of matrimid which is reported to be around 320 °C. Thus say, a DSC analysis might not be too suita-
ble to be applied here since before reaching the Tg of the matrimid, the MOFs inside the framework has already
started to degrade which might not be able to give any impact on the mixed matrix membranes.

SCIENTIFICREPORTS | (2018) 8:2944 | DOI:10.1038/s41598-018-21263-7 2



www.nature.com/scientificreports/

A : [——15 wt% JUC-62-matrimid
=10 wt% JUC-62-matrimid
[==—JUC-62 particle
é‘ [——JUC-62 calculated
n
[
()]
-—
[
o
=2
-
i
O]
o
T T T T T
25 30 35 40
=10 wt% PCN-250-matrimid
= PCN-250 particle
>
= ) [=——PCN-250 calculated
) : ; ~ tadt o i =
c AN
o | i
-— ! 4
[ : :
2 B " o AMAGMAALM AN A A e A
- H H
o : ‘
Q :
0'd : i
l A
T - I - T | T l T I T I T l T

2 tetha

Figure 1. PXRD Spectrum of JUC-62 (A) and PCN-250 (B) matrimid mixed matrix membrane.

The dispersion of the MOFs particle inside the polymer matrix was analysed through microscopic image.
As can be seen in Fig. 4, the MOFs particles could be distributed evenly inside the polymer matrix without
any sign of defective interaction between the particle and polymer matrix. This qualitatively shows that both
light-responsive MOFs have good interaction with the polymer.

Three different performance aspects were then evaluated on the resulting mixed-matrix membranes:
light-responsive ability, CO,/N, gas separation and long-term performance. Each of this will be discussed in
more details below.

Light-responsive against CO, performance. It has been proven previously that both JUC-62% and
PCN-250*! are responsive against UV-light. Their CO, adsorption capacity was observed to significantly decrease
upon exposure to UV light**#!. This renders them as a candidate to be applied in low-energy CO, capture because
it then only requires low energy during regeneration. We are then interested to further study this light-responsive
behaviour once they are incorporated inside a glassy polymer matrix. A potential application for this is around
the area of smart material and sensor that requires materials that are responsive towards their surroundings.
During the experiment, controlling temperature was crucial to get the correct reading because the presence
of UV light inside the membrane test cell that generated significant amount of heat. Temperature consistency is
crucial since it has been reported that the pristine matrimid membrane gas permeation and selectivity could be
significantly affected by change in temperature*?. This was done firstly by putting a thermocouple at the centre
of the membrane test cell to continuously monitor the temperature consistency (Figure S11). Apart from that,
we also did two different control experiments to ensure that the effect of the temperature was indeed negligible:
pristine matrimid and 8 wt% ZIF-8-matrimid mixed matrix membrane (with no known photo responsive ligand).
It could be seen firstly from the Fig. 5 that the temperature effect was indeed negligible. There was almost nei-
ther an increase nor a decrease in CO, permeation when the UV light was switched on. First of all, it could be seen
that the permeability of matrimid could be well maintained to be around 9.5 £ 0.1 barrer, during the five cycles
experiment with alternating switching of UV light. In addition to that, we did not observe any significant drop
in matrimid permeability after it was irradiated with UV light as previously observed with the light-responsive
PIM®. It might be caused by different wavelength used in this study. While this study used 365 nm UV wave-
length, the previous one used 254 nm UV wavelength. It is then highly likely that the matrimid absorbs the
wavelength in the 254 nm region resulting in partial densification thus resulting in reduced gas permeability. The
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Figure 2. FTIR Spectrum of JUC-62 (A) and PCN-250 (B) matrimid mixed matrix membrane.
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Figure 3. TGA data analysis of JUC-62 (A) and PCN-250 (B) matrimid mixed matrix membrane.
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Figure 4. SEM picture of matrimid (A), 5wt% JUC-62-matrimid (B), 10 wt% JUC-62-matrimid (C), 15wt%
JUC-62-matrimid (D), 5wt% PCN-250-matrimid (E) and 10 wt% PCN-250-matrimid (F).

negligible loss of permeability exhibited by matrimid studied under this particular wavelength was then quite
important to later observe the switching phenomenon in the mixed matrix membrane.

This was further proven by another control experiment using 8 wt% ZIF-8-matrimid mixed matrix mem-
brane. This importance of this control experiment was to observe the behaviour of a mixed matrix membrane
that was loaded with MOF that does not have any light-responsive ability. As can be seen, a similar trend as
observed in matrimid was also observed with the ZIF-8-matrimid mixed matrix membrane. It did not exhibit
any difference regarding CO, permeability during the five cycles alternating switching. The permeability could be
consistently maintained to be around 16.6 £ 0.1 barrer during the alternating switching of UV light. Meanwhile,
a slightly higher value in CO, permeability might indicate the efficacy of incorporating ZIF-8 in a mixed matrix
membrane as previously observed in ZIF-8 mixed matrix membranes**. Both control experiments then show the
reliability of our home-made membrane testing cell and temperature difference during the alternating cycle was
indeed negligible to alter the membrane CO, permeability during the experiment.

However, a rather different trend was observed once light-responsive MOFs were incorporated inside the
matrimid. As can be seen from Fig. 5, the resulting light-responsive MOFs mixed matrix membrane was observed
to have a switching ability against CO, while almost no switching observed for the nitrogen permeation (see
Figure S13). In general, the CO, permeability for all the light-responsive MOFs mixed matrix membrane was
found to be lower compared when the UV light was switched on.

Table 1 then shows the extent of switching behaviour observed in the light-responsive mixed matrix
membrane. It was observed that on average, the mixed matrix membranes gave around 5% difference in CO,
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Figure 5. CO, permeability light-responsive test.

Matrimid 9.5 9.4 1.05
8 wt% ZIF-8-matrimid 16.6 16.5 0.6

5wt% JUC-62-matrimid 11 10.3 6.36
10 wt% JUC-62-matrimid 26.3 25 4.94
15wt% JUC-62-matrimid 30.5 279 8.52
5wt% PCN-250-matrimid 18.5 17.4 594
10 wt% PCN-250-matrimid | 29.8 28.5 5.03

Table 1. CO, permeability of light-responsive mixed matrix membranes with and without UV.

permeability. Although only a modest difference, such a behaviour was actually not observed from the previ-
ous control experiment which only exhibited around 1% different in CO, permeability. Thus say, it could be
safely inferred that the behaviour actually comes from the light-responsive MOFs imparted inside the polymer
matrix. Moreover, it was observed that the highest switching degree was around 8.5% obtained in 15wt% JUC-
62-matrimid. This is probably because 15 wt% JUC-62-matrimid is the highest-loaded mixed matrix membranes
used in this study and thus the extent of photoswitching in CO, permeability was more pronounced than the rest
of the membranes.

The result trend also reveals that the CO, permeability trend does also agree with the behaviour of the
light-responsive MOFs particle. Both JUC-62 and PCN-250* have lower CO, adsorption when they are irradi-
ated with UV light than at their normal condition. Therefore, when the UV light inside the membrane cell was
switched on, it could also be expected that the incorporated light-responsive MOFs inside the matrimid had
lower interaction towards CO, than when the UV light was switched off. As a consequence, lower CO, permea-
tion than when the UV light was off should also be expected.

In spite of the fact that the light-responsive MOF mixed matrix membrane showed lower CO, permeability
under UV light condition, the difference was somewhat lower than expected. From our investigation of CO, and
N, permeability (discussed in the next section), the resulting light-responsive MOF mixed matrix membrane has
shown its efficacy once incorporated inside the polymer matrix. This led us to think that the incorporated MOFs
should have been able to contribute significantly to improve the overall transport properties inside the mixed
matrix membrane. Therefore, we also expected a higher degree of switching properties of the mixed matrix mem-
brane since in its pristine condition -when not embedded as an incorporated particle,- both MOFs were reported
to have up to 50% decrease in CO, uptake under the irradiation of UV light. However, about 8.5% was the highest
switchable degree that we could obtain.

The most possible reason for this phenomenon is probably because of the rigid structure of the matrimid. Both
JUC-62 and PCN-250 are classified as generation-3 light-responsive MOFs. It means that they are constructed
from a light-responsive pillaring ligand for the framework. For the generation-3 light-responsive MOFs, ligand
bending was found to be important in producing the ‘squeezing’ effect resulting in release of adsorbed CO,
from the adsorbent. It is very likely that this ligand bending phenomenon was limited when glassy polymer like
matrimid was used as the polymer matrix. As a result, a very significant change in CO, permeability could not
be observed when the UV light was switched on. This could also be the reason that we only observed a slight dif-
ference in FTIR spectrum between the non-irradiated and irradiated light-responsive mixed matrix membranes
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Lzl LD Gy Ideal Selectivity

Membrane Co, N, (CO,/N,)
Matrimid 9.5 0.29 327

8 wt% ZIF-8-matrimid 16.6 0.48 34.6

5wt% JUC-62-matrimid 11 0.29 379

10 wt% JUC-62-matrimid 26.3 0.65 40.5

15wt% JUC-62-matrimid 30.5 0.54 56.5

5wt% PCN-250-matrimid 185 0.51 37

10 wt% PCN-250-matrimid 29.5 0.46 64.1

Table 2. Permeability and CO,/N, ideal selectivity for the membranes used in this study.

in the 600-500 cm ™ region (Figure S12 in supplementary information) as opposed to significant difference that
was previously observed for the light-responsive MOFs?**#!_ A similar phenomenon has also been observed
previously using Mil-53 (Al) in matrimid matrix. The authors also argue that the matrimid could rigidly maintain
the pore opening of the Mil-53 (Al) framework which was known to be breathable*. Such pore maintenance in
by glassy polymer matrix may then hinder to some extent the ‘squeezing’ of the light-responsive MOFs that is
responsible for delivering the light-responsive ability of the generation-3 light-responsive MOFs.

CO,/N, separation performance. Apart from the light-responsive ability of the resulting mixed matrix
membranes, the mixed matrix membranes performance were also evaluated regarding its CO,/N, separation
performance. This performance evaluation is important when the mixed matrix membrane is to be considered to
be applied in post-combustion carbon capture. Table 2 then gives the summary of the permeability of CO, and N,
for the resulting mixed matrix membranes used in this study.

It could be clearly seen that incorporating the light-responsive MOFs inside matrimid (both JUC-62 and
PCN-250) renders a positive impact to the overall membrane performance. The CO, permeability could be
increased up to 100% for the mixed matrix membranes with the highest particle loading. This positive effect is
actually expected since the incorporated MOFs should give additional pathway for gases to permeate through
the membranes. Furthermore, it could also be seen that PCN-250 gives higher increase in CO, permeability
in comparison to JUC-62. The loading of the JUC-62-matrimid had to be around 15wt% to have a comparable
permeability performance with the 10 wt% PCN-250-matrimid. The reason for this is probably because JUC-62
has lower CO, adsorption capacity compared with PCN-250. At 1bar and 273 K, the CO, adsorption capacity of
PCN-250 is found to be 146 cm®/g while JUC-62 only has 107 cm?/g STP. Lower adsorption capacity in JUC-62
than PCN-250 would probably mean that PCN-250 has more active sites for CO, to permeate through once they
were incorporated inside the mixed matrix membranes resulting in higher CO, permeability than JUC-62 with
the same loading.

Surprisingly, CO, is not the only parameter which was positively affected. A positive increase was also
observed in terms of CO,/N, membrane selectivity. For the highest particle loading, this ideal selectivity could
be increased up to 100% resulting in ideal selectivity around 60 both for 15wt% JUC-62 and 10 wt% PCN-
250-matrimid. This behaviour is actually somewhat unexpected.

A simulation study has been conducted previously showing that for most of the MOFs available in literature
and with using matrimid as the polymer, only CO, permeability could be increased while a positive impact in
CO,/N; selectivity could not be expected®’. This is mainly attributed to the fact that almost all MOFs have signifi-
cantly higher permeability than any polymer matrix and thus able to improve CO, permeability. But this has also
to be compensated by increase in nitrogen permeability and thus resulting in barely improved selectivity. As can
be seen from Fig. 6, this simulation does seem to be true for most of the MOFs studied in real experiment*®-=°.
Most of the MOFs-matrimid mixed matrix membrane studied so far has only shown an increase in CO, perme-
ability while barely gave any positive impact on ideal selectivity. Our study with 8 wt% ZIF-8-matrimid that we
used for control experiment in light-responsive study also showed barely improvement in selectivity while its
CO, permeability could be increased. There are some exceptions, however. For instance, some MOFs like the UiO
family has been reported before to be able to increase the ideal selectivity once incorporated inside the matrimid
with 23 wt% loading™. In spite of this fact, the ideal selectivity improvement reported was only around 25%.

In contrast to all of these atomistic studies and experimental findings, our mixed matrix membrane has sur-
prisingly shown an increase in ideal selectivity of up to 100%. This value is then probably one of the highest
reported so far in the area of MOFs-matrimid mixed matrix membrane for CO,/N, separation. In order to make
a fairer comparison, Figure S14 in supplementary information then gives the plot of CO,/N, ideal selectivity
reported in the literature for MOF-matrimid dense mixed matrix membrane system in comparison with their
pristine matrimid measured at their operating condition. By observing the plot, it could be safely inferred that
our CO,/N, ideal selectivity increase could not be caused by the intrinsic property of the matrimid used in this
study or because of the operating condition. Rather, it came from the MOF incorporated inside the matrimid.

Apart from good interaction and dispersion of the MOF particle inside the polymer matrix as observed
in SEM, this phenomenon could also be attributed to the presence of azobenzene functionality inside the
light-responsive MOFs. Various investigations have been made previously about the benefit of having
azo-functionality for CO,/N, separation in the area of porous material. Various mechanisms do exist when bring-
ing in this beneficial aspect. Azobenzene has been previously known to have a good affinity towards CO, because
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Figure 6. CO,/N, separation performance of light-responsive MOF-Matrimid mixed matrix membrane.

of its Lewis acid-base interaction®* and dipole-quadrupole interaction®. This beneficial interaction may then
enhance CO, transport through the light-responsive matrimid mixed matrix membranes used in this study.
Furthermore, from the nitrogen transport point of view, Patel and co-workers recently coined the term of
nitrogen phobic environment existing in the series of the azo porous organic framework that they synthesized*®’.
Their careful analysis to the available azo-based porous framework has shown that bonding between N, and the
azo-group is less favourable than CO, and the azo-group resulting in unprecedentedly high CO,/N, selectivity.
Such theory has also been proven with various azo-based porous organic polymers®*-%. A similar investigation
has also been conducted for MOF in particular®!. In the study, it was observed that the MOF that contains azo
linkage (-N=N-) has higher CO,/N, selectivity than the MOF that has stilbene linkage (-CH=CH-). Although
they only attributed this to the higher CO, adsorption because of the polarity of the presence of azo-linkage,
it should be noted as well that the azo-linked MOF exhibited lower nitrogen adsorption compared with its
azo-linked counterpart. Thus, the presence of azo-group is beneficial both for improving CO, affinity and reduc-
ing N, uptake in the MOF framework. This then can also explain the higher selectivity observed in the mixed
matrix membranes once azo-based MOF as used in this study are embedded inside a polymer matrix. This is
proven by looking at the trend obtained for the nitrogen permeability for the mixed matrix membranes. As can be
seen, less nitrogen permeability was observed as the loading in the mixed matrix membrane was increased. This is
in contrast to the CO, permeability that kept increasing with higher MOF loading. This condition then show that
the mixed matrix membranes could attract more CO, to permeate through the membrane while the same thing
could not be expected for nitrogen permeation which could be attributed to the presence of azobenzene group.
In addition to that, achieving this exceptional performance did not require a very high loading mixed matrix
membrane (between 10-15 wt%). Another advantage with our mixed matrix membrane is no modification to
the MOF was required to obtain this high selectivity value. A combination of simple blending with polymer and
with relatively low loading made these mixed matrix membrane ease in preparation. Thus say, our approach in
fabricating these mixed matrix membranes do seem promising in post-combustion carbon capture application.

Long term performance study. Lastly, the long term performance of the resulting mixed matrix mem-
brane was also evaluated. We evaluated the long term performance both for 15wt% JUC-62-matrimid and 10 wt%
PCN-250-matrimid as these two membranes gave the best performance. After the first testing, the membranes
was left in the ambient condition for about a month (2 months for the 15 wt% JUC-62-matrimid) before its per-
formance were re-evaluated

As can be seen from Fig. 7, the pure matrimid membrane experienced a quite severe aging. The permeability
loss of the matrimid was found to be around 25% and it dropped from 9.5 barrer to be about 7 barrer. As usually
observed in physical aging, the selectivity of the matrimid also went up from 32 to be around 40. This indicates
the physical aging actually happened in the matrimid membrane. In physical aging, polymeric membrane under-
goes structural change resulting lower free volume in the matrix. As a consequence, the permeability of the mem-
brane drops and it is usually accompanied by increase in selectivity.

A rather contrast situation was observed for 10 wt% PCN-250-matrimid. Although a slight decrease in CO,
permeability was observed for the mixed matrix membranes, the change rate was not as pronounced as the mat-
rimid membrane. The permeability dropped for about 10% from about 20 to be around 18 barrer. This was also
accompanied by an increase in selectivity from 64 to 75. Thus say, the 10 wt% PCN-250-matrimid did seem to
also age during the storage although it was not as pronounced as the pure matrimid membrane. It also indicates
that incorporating PCN-250 did help to maintain the long term performance of the mixed matrix membrane. The
light-responsive behaviour was also evaluated the aged PCN-250-matrimid membrane. As can also be seen in
the Fig. 7 the aged mixed matrix membrane did still have lower permeability when it was irradiated with UV light.
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Figure 7. Long-term performance of the light-responsive mixed matrix membranes in terms of CO,/N, ideal
selectivity (A) and light-responsive CO, permeability (B).

Interestingly, in contrast to the matrimid and 10 wt% PCN-250-matrimid, the 15 wt% JUC-62-matrimid
showed negligible loss in performance. Even after two months left at ambient condition, the performance of
15wt% JUC-62-matrimid could still be preserved. The CO, permeability were still around 20 barrer with CO,/
N, ideal selectivity found to be around 56. Previously, a similar phenomenon was also observed with PIM-1
and PTMSP added with nano-fillers®>%. They found that the mixed matrix membrane did not experience any
decrease in permeability and even the selectivity was increased after storing at ambient condition for a long
period of time. They attributed this to the good interaction that occurs between the PAF and PIM that prevents
the PIM to undergo any structural change during storage. A good interaction could also be then established
between the light-responsive MOE, especially JUC-62, and matrimid resulting in stability in long-term membrane
performance. This might also partially explains why we only observed a rather limited light-responsive ability
coming out from the light-responsive MOE. Such good interaction might probably limit the ability of the MOF
framework to undergo bending when they were irradiated with UV light.

In terms for light-responsiveness, it could also be seen from Fig. 7 that both light-responsive MOF-matrimid
MMM still gave a light-responsive ability. The 15 wt% JUC-62-matrimid and 10 wt% PCN-250-matrimid could
still give around 8% and 6%, respectively, difference in CO, permeability during the photo-switching experiment.
This then corroborated the previous result for CO,/N, separation performance showing that the MOFs were still
intact inside the polymer system and its porosity could still be maintained resulting in a positive impact both on

gas separation and light-responsive ability. This might be attributed to the relative stability of both of the MOFs
as previously observed. Apart from the intrinsic property of the MOF stability, incorporation of MOFs within
the matrimid matrix might also help to maintain the MOFs porosity. This factor might play a role can be judged
from the previous result from the CO,/N, separation where a good interaction between the two materials might
be established and thus might help to improve the MOF overall stability.

In conclusion, light-responsive MOFs-matrimid mixed matrix membranes have been successfully fabricated
using JUC-62 and PCN-250 as the light-responsive MOFs. Using our unique home-made membrane testing
cell, it was observed that around 10% decrease in CO, permeability could be observed when the mixed matrix
membranes was irradiated with UV light. In spite of this fact, the rigid structure of matrimid might limit the
light-responsive ability of the MOFs that depends on the flexibility of the framework. In terms of CO,/N, separa-
tion performance, the resulting mixed matrix membranes exhibited a superior performance in comparison with
MOFs-matrimid mixed matrix membranes fabricated so far. The ideal selectivity of the resulting mixed matrix
membrane could be significantly improved. In particular, we observed up to 100% increase in ideal selectivity
obtained with a relatively low loading of MOFs particle inside the matrimid (15 wt% for JUC-62 and 10 wt% for

PCN-250). This renders them to be applicable for post-combustion carbon capture. Long-term performance
showed that the performance only slightly decreased for the 10 wt% PCN-250-matrimid while it was negligible
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for 15wt% JUC-62-matrimid. This shows that good interaction actually occurs between the polymer and the
MOFs. This study then opens up the possibility in constructing a novel multi-functional anti-aging material that
is photo-responsive for smart material while also demonstrate a highly effective separating performance of CO,/
N, which is beneficial for post combustion carbon capture.

Methods

Synthesis of azobenzene tetracarboxylic acid (H,ABTC). H,ABTC was synthesized according to the
previously reported method®. In a typical synthesis, 5g of 5-nitroisopthalic acid was dissolved in an aqueous
solution containing 12.5g of NaOH in a 62.5mL of ultrapure water. The solution was stirred at 60 °C for about
1 hour. In a separate flask, 25 g of glucose was dissolved into 37.5mL of ultrapure water at 60 °C. The glucose
solution was then added dropwise to the nitroisopthalic solution. Complete addition turned the nitroisopthalic
solution to be dark brown. Afterwards, the nitroisopthalic solution was then cooled to room temperature air
was bubbled through the solution for overnight. The solid obtained from this process was then filtered under
reduced pressure and then dissolved in 100 mL of ultrapure water. This was followed by acidification by using 2M
of hydrochloric acid and was further acidified using 37% HCL until the pH was 1 to obtain an orange precipitate
which was filtered and dried at 110 °C. The purity of the ligand was confirmed by H-NMR and C-NMR spectrum
as can be seen in Figs S1 and S2, respectively.

Synthesis of JUC-62. JUC-62 was synthesized according to the previously reported method®. In a typ-
ical synthesis, 0.24 g of copper nitrate trihydrate and 0.18 g of H{ABTC was firstly suspended in a mixture of
DMF:ethanol:water (25 mL:15mL:5mL). It was observed that the starting material were not completely soluble
in this mixture and resulted in a rather cloudy solution. Therefore, 2 M of nitric acid was then added dropwise to
solubilize all of the starting material. Each drop of nitric acid added was followed by vigorous shaking. This was
done in order to avoid adding too much nitric acid that would produce larger particle size. Addition was com-
pleted once a clear solution was obtained. The resulting solution was then put in an oven at 60 °C for 2 days. The
resulting green product was then recovered by filtration under reduced pressure and stored in acetone for solvent
exchange. Before membrane fabrication, the JUC-62 was filtered from acetone and then activated at 110 °C under
vacuum. The JUC-62 data for nitrogen sorption, CO, adsorption and CO, dynamic photoswitching can be seen
in Figures S4, S5 and S6, respectively.

Synthesis of PCN-250. PCN-250 was synthesized according to the previously reported*** method with
a slight modification to adjust the particle size. Before the MOF synthesis, a metal cluster from iron and cobalt
was firstly synthesized. In a typical synthesis, 8 g of iron (III) nitrate hexahydrate and 18.3 g of cobalt (II) nitrate
hexahydrate was dissolved in 70 mL of ultrapure water. In a separate flask, 4.4 M of sodium acetate trihydrate
(70 mL solution) was also prepared. Afterwards, the sodium acetate trihydrate solution was poured into the metal
solution to give a brown precipitate. The solution was kept overnight to continue the reaction. The precipitate
was filtered the next day and washed with ultrapure water and ethanol and dried at room temperature under
vacuum. For MOF synthesis, 75 mg of metal cluster and 50 mg of H,ABTC was dissolved in a mixture of 13.5mL
of DMF and 1.5mL of acetic acid and heated in an oven at 140 °C for 12 hour. The resulting brown product was
then filtered under reduced pressure and washed with DMF. This was followed by storing in DMF for about two
days to remove the residual unreacted ligand and metal clusters. Afterwards, solvent exchange procedure took
place where methanol was used to exchange the DMF. During this period, the MOF was immersed in methanol
at 65°C for 3 days. The last step was to exchange the methanol with dichloromethane. The MOF immersed in
dichloromethane was put in the stainless steel autoclave and kept at 60 °C for about 3 days. Before membrane
fabrication, the PCN-250 was activated at 190 °C under vacuum. Together with JUC-62 data, the PCN-250 data
for nitrogen sorption, CO, adsorption and CO, dynamic photoswitching can be seen in Figs S4, S5 and S6,
respectively.

Fabrication of mixed matrix membrane. Mixed matrix membrane was fabricated by varying
the particle loading inside the polymer matrix. Both JUC-62 and PCN-250 were used as the investigated
incorporated-particles. Meanwhile, ZIF-8 (BASF) was also used as the incorporated particle as a control experi-
ment. Matrimid was used as the polymer matrix and its structure is given in Fig. 8.

The mixed matrix membranes were fabricated by adding step-by-step all the required polymer into the
MOF-suspension. In a typical synthesis that contains 0.5 g of total solids (MOFs and polymer), the required
amount of particles (ZIF-8, JUC-62 and PCN-250) were firstly dispersed in dichloromethane. This was followed
by dissolving about 30% of the total required polymer to the suspension and the solution was kept stirred over-
night. Afterwards, another 30% of the required polymer was added and the solution was kept stirred for another
8hours. The rest of the polymer was then added and the final suspension was kept stirred for overnight. The final
suspension was then cast on a 7 cm petri dish which was covered by aluminium foil decorated with six 2mm
diameter holes. The membrane was left to dry in this condition by evaporating the solvent and followed by oven
drying at 90 °C to completely remove all the remaining solvent inside the membrane. Once dried, the membrane
was then cut to be around 25 mm in diameter and mounted on an aluminium washer which was glued with epoxy
resin (See Figure S7 in supplementary information). This cutting process was to ensure that the membrane was
located at the centre of the membrane testing cell and received maximum exposure from the UV light LED during
UV light irradiation experiment (see the method for the UV-light gas permeation measurement).

It was observed that the highest loading that could be obtained from JUC-62 and PCN-250-matrimid mixed
matrix membrane was 15 and 10 wt%, respectively. Above that, the structure of the membrane would be too brit-
tle and also resulted in a defective membrane.
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Figure 8. Structure of matrimid.

General gas permeation testing apparatus. Gas permeation of the membranes was tested by using
constant-volume variable-pressure approach (see Figure S9 for the general set up). The membrane area tested was
around 4 cm?. The upstream pressure for both CO, and N, were maintained at 4bar during the whole experiment.
The temperature of the experiment was recorded to be around 37 °C using a thermocouple located at the centre
inside the membrane testing cell (see Figure S11 in supplementary information). The membrane thickness was
measured using a digital calliper. For the pristine matrimid, the membrane thickness was found to be around
50-60 um while the mixed matrix membrane varied between 80-100 um.

Light-responsive gas permeation testing. In order to evaluate the light-responsive ability of the
resulting mixed-matrix membranes, we used our custom-designed membrane testing cell (see Figure S8 for the
technical drawing and S10 when it was in operation). This membrane testing cell was also used during the gas
permeation testing in the absence of UV light. Figure 9 gives a representation of the membrane test cell used for
this study. A more detail and complete information about the membrane test cell dimension is provided in sup-
plementary information (Section 3 supplementary information). First of all, it could be seen from the figure that
there are two important features in this particular membrane testing cell: in-situ UV light and water loop system.
Both features will be discussed in more detail below.

The presence of UV-light inside the membrane testing cell ensured that there would be sufficient light com-
ing to the membrane without having to use external light source. In more details, the 365 nm UV light used was
purchased from Thorlabs and it was mounted by using epoxy resin on the inner part of the membrane testing
cell. The diameter of the whole piece of UV LED (including the PCB) was 22 mm. As described previously, the
membrane was also cut around this size in order to maximize the exposure of the membrane with the UV light.
During the experiment, the UV LED was connected with a power source that was maintained at 3.63 V and
0.890 A. Apart from contributing in giving consistent irradiation, maintaining the power level of the UV light was
also important to maintain the temperature during the experiment which was further controlled using the water
loop system as discussed below.

As previously stated, the function of the water cooling loop system is mainly to control the temperature inside
the membrane testing cell during the experiment. This is particularly important since when the UV light was
turned on, it generated a significant amount of heat which would significantly affect the measurement. Thus, a
cooling off system was required. The water from temperature-controlled water bath was then flowed through the
system during the whole experiment (both UV on and off). A different scenario happened when the UV light was
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off. In this case, there is no heat generated inside the cell and thus the main function of the water loop system is to
maintain the temperature inside the cell to be more or less the same with the temperature when the UV light was
on. Having said that, when the UV light was turned off, the water bath temperature was maintained at 42 °C and
during the UV light exposure experiment, the water bath temperature was maintained at 31 °C. This system had
successfully maintained the temperature inside the membrane cell to be around 37 °C for the whole experiment.

Characterization techniques. X-Ray Diffraction. PXRD spectrum was collected using PAN-analytical
instrument using Cu-Ka as the X-Ray source. The voltage and current was maintained at 40kV and 20 mA,
respectively. The spectrum was collected between from 5-30 in 2 theta. The 2theta scan step for all samples was
0.008°. For the MOF powder, about 20 mg of sample was used without grinding. For the mixed matrix mem-
branes, the film was cut to be around 1 cm in diameter and then mounted on the sample holder. The sample was
let to spin during the measurement.

Fourier Transformed Infrared Spectroscopy (FTIR). FTIR of the samples were collected using ATR technique.
The equipment used was Perkin-Elmer Spectrum 100 ATR-FTIR Spectrometer. For irradiated sample, the mixed
matrix membranes sample were first irradiated for about 5 minutes using Omnicure S1500 and then immediately
followed by measuring the spectrum.

Thermogravimetric analysis (TGA). TGA analysis was conducted using Netzsch STA 449 F5 Jupiter apparatus.
About 20 mg of sample was used both for MOF particle and mixed matrix membranes. For the membranes, the

film was cut into small pieces before putting into the sample pan. The heating rate was set to 10°C.min ' and the

sample was measured under nitrogen atmosphere flowing at 20mL min~".

Scanning Electron Microscopy (SEM).  SEM characterization was carried out using a field emission gun scanning
electron microscope (FEGSEM) LEO Gemini 1525. The sample was sputtered with gold to increase conductivity
prior to imaging.

Data availability. All data for this study is freely available from the following repository: https://doi.
org/10.5281/zenodo.1040278.
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