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ABSTRACT. A new generation-2 light-responsive metal-organic framework (MOF) has been
successfully synthesized using Zn as the metal source and both 2-phenyldiazenyl terephthalic
acid and 1,4-diazabicyclo[2.2.2]octane (DABCO) as the ligands. It was found that Zn-azo-dabco
MOF (Azo-DMOF-1) exhibited a photo-responsive CO, adsorption both in static and dynamic
condition because of the presence of azobenzene functionalities from the ligand. Further
application of this MOF was evaluated by incorporating it as a filler in a mixed matrix membrane
for CO,/N, gas separation. Matrimid and polymer of intrinsic microporosity-1 (PIM-1) were

used as the polymer matrix. It was found that Azo-DMOF-1 could enhance both the CO,
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permeability and selectivity of the pristine polymer. In particular, the Azo-DMOF-1 — PIM-1
composite membranes have shown a promising performance that surpassed the 2008 Robeson

Upper Bound.

INTRODUCTION.

During the last decade, there is a growing interest in the development of metal-organic
framework (MOF). As one of the emerging porous materials, MOF has numerous positive
aspects such as high surface area, pore size tailorability and also chemical and thermal stability.
Recently, there is also a growing interest in developing a responsive MOF that has different
behavior depending on the stimulus that it receives from the surroundings. Various stimulants
have been investigated such as pH,' temperature,” magnetic field* and light.* Among the
stimulants, light-responsive MOFs have attracted considerable interest among the researchers.
This might be attributed to the abundance and convenience of using light as the stimulant.
Moreover, recent investigations have also shown that designing a light-responsive MOF is one of

the promising approaches towards low-energy carbon capture and storage.””

Generally, light-responsive MOFs can be classified into three generations. The generation-1
relies on the host-guest interaction between the framework and photo-responsive guest molecule
to achieve light-responsive ability. The drawback of this approach is the significant reduction of
the MOFs pore size since most of them are occupied by the guest molecules. Meanwhile in
generation-2 light-responsive MOFs, a light-responsive ligand is used to build the MOF. While
generation-2 light-responsive MOFs have a light-responsive moiety that protrudes into the
MOF’s pores,*'” the generation-3 light-responsive MOFs utilizes a light-responsive ligand that

becomes the main building block of the MOFs.* ®!! Both generation-2 and generation-3 are
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considered to be more efficient in harvesting in light energy without overly reducing the surface
area, and various light-responsive MOFs have been developed since then for applications

ranging from drug delivery to CO, adsorption.

In this paper, we report a new generation-2 light-responsive MOF that uses Zn as the metal
source and 2-phenyldiazenyl terephthalic acid and 1,4-diazabicyclo(2.2.2)octane as the ligands
which we subsequently call Azo-DMOF-1 (DMOF-1 stands for dabco-MOF-1 for its parent
structure). This work is inspired by one of the most widely investigated MOFs, namely
Zn(bdc)(dabco)g s (Dabco MOF or DMOF-1), which was firstly reported by Dybstev and co-
workers in 2004."> Various studies have been conducted since then based on this framework
focusing on various subjects such as adsorption application," post-synthetic modification'*"’
and exploration on its flexible framework.'**° Among these studies, there was also a previous
attempt to make this MOF photo-responsive by loading the framework with azobenzene
compounds as the guest molecule.”’ The authors have successfully proven the ability of the azo-
loaded DMOF-1 to be photo-responsive through nitrogen sorption isotherm and UV-induced
change of PXRD pattern. After UV light irradiation, the azobenzene compounds inside the pore
isomerizes to cis-form and some spaces in the pore are opened resulting in higher nitrogen
uptake. However, as stated above, the main drawback of this approach is the significant
reduction of the MOF surface area and the MOF might no be longer suitable for further
application. Another approach has then been attempted using a fluoro-based photo-responsive
ligand to build a generation-2 copper-based dabco MOF which is called
Cux(F>AzoBDC),(dabco).”? The MOF was then successfully produced as a thin film and used as

a membrane. The cis-trans azobenzene switching phenomenon could be induced by irradiating

the membrane with visible light at different wavelengths. The efficacy of the isomerization was
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then evaluated by various experiments such as 1,4-butenediol uptake and photo-switching

separation of ethene and propene from hydrogen.

Compared to the previous attempts, our approach is to directly use a photo-responsive ligand
protruding into the pore and thus a photo-responsive MOF with relatively higher surface area
could be obtained with satisfactory CO, uptake. We focus on applying this MOF firstly as a low-
energy CO; adsorbent and then as a filler in a mixed matrix membrane for CO,/N, separation
since this approach is one of the best alternatives to apply porous materials for gas separation.”
% This is based on previous investigations showing the beneficial aspect of having azobenzene

functionalities in a porous materials in improving CO,/N, separation performance.”>’

RESULTS AND DISCUSSIONS.
Synthesis and characterization of Azo-DMOF-1

The Azo-DMOF-1 was synthesized following the synthesis condition of DMOF-1 MOF apart

from changing the terephthalic acid to 2-phenyldiazenyl terephthalic acid that has a dangling

azobenzene group. The hypothetical figure of the MOF building unit is presented in Figure 1(A).

We hypothesize that the azobenzene moieties protruding into the MOF’s pore were randomly
oriented (our unsuccessful attempt to obtain the single crystal X-Ray diffraction (SCXRD) data
for a single crystal concurs with this). This phenomenon was previously observed in PCN-123
where the authors suggest that random orientation of the azobenzene moiety also prevents them
obtaining the SCXRD.* Azo-DMOF-1 crystallizes as a rod-shape crystal and the size could

extend up to 5 um as can be seen from the micrograph in Figure 1(B).
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Powder X-Ray diffraction (PXRD) was then performed to characterize the crystallinity of the
new MOF and the result is given in Figure 1(C). First of all, it could be seen that the PXRD
pattern of the Azo-DMOF-1 is different compared with the calculated pattern of the DMOF-1
MOF. This might be caused by the presence of azobenzene group protruding into the pore of the
MOF. It has been previously observed that the DMOF-1 framework is flexible upon the presence
of the guest molecule. 12 Considering that our ligand contains azobenzene group, this could then
lead to different crystal structure obtained for the Azo-DMOF-1. As a further evaluation, the
PXRD diffractogram of the Azo-DMOF-1 was also compared with the benzene-loaded DMOF-
1."% As can be seen in Figure 1(C), both diffractograms are now more comparable to each other.
This finding could be explained by the presence of the benzene group protruding into the Azo-
DMOF-1 framework that comes from the ligand. This benzene ring from the azo ligand could
contribute in the similar way as the benzene compound loaded in the DMOF-1 framework
resulting in a similar structure between the two MOFs. However, there is also a slight
discrepancy as can be observed in the diffractograms at 26 around 13° for the benzene-loaded
DMOF-1 which corresponds to (2 0 0) plane. This peak was observed to be slightly shifted to

lower angle for the Azo-DMOF-1 which might be caused by the random orientation of the

azobenzene ligand inside the pore between the two MOFs.

Nitrogen sorption isotherm data was then collected to measure the surface area of the Azo-
DMOF-1 and the result is presented in Figure 1(D). The Azo-DMOF-1 exhibits type-1 isotherm
without any hysteresis indicating a microporous structure. The calculated BET surface area was
found to be 581 m” g'. This value is significantly lower compared with the DMOF-1 synthesized
using the same condition which was around 1500 m® g as can also be seen in Figure 1(D). This

could be explained by the presence of the azobenzene group inside the pore that reduces the
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surface area of the MOF as previously observed with DMOFs modified with various

functionalities pendant to the ligand, protruding into the pore.m’ 2%

The presence of azobenzene
group also affected the pore volume and pore width of the Azo-DMOF-1. As could be seen in the
inset of Figure 1(D), the pore width of Azo-DMOF-1 was slightly lower compared with the
DMOF-1. The pore width of the former was found to be around 0.6 nm while the latter has a
pore width around 0.7 nm. The more significant effect could be observed from the maximum
pore volume. The pore volume of Azo-DMOF-1 was found to be around 0.3 cm® g which is
less than half of the value of the DMOF-1 which is around 0.79 cm® g'l. This indicates that the

pores of Azo-DMOF-1 were largely occupied with the azobenzene moiety resulting in a

significant pore volume reduction.

CO, adsorption experiment was then conducted to measure the uptake capacity of the Azo-
DMOF-1 and also to investigate its dynamic photoswitching which is applicable for low energy
CO; capture. First of all, it could be seen from Figure 2(A) and (B) that at 750 mmHg, the CO,
uptake capacity of Azo-DMOF-1 was found to be around 73 and 41 cm® g™ STP at 273 and 298
K, respectively. Interestingly, this uptake capacity is not significantly different compared with
the CO, uptake of DMOF-1 which we found around 43 cm® g STP at 298 K. This behavior was
also previously observed in the functionalized DMOF-1 family with chlorine and hydroxyl
functionalities that did not experience CO; uptake reduction at 1 bar compared with the DMOF-
1.2 1In spite of the fact that Azo-DMOF-1 has lower surface area than DMOF-1, it does seem that
at low relative pressure (P/P0), the CO, uptake is not affected by the surface area of the MOFs. It
has been previously studied that in an empty DMOF-1, regardless of the functionalities in the

terephthalate, the lowest energetic site of the DMOF-1 is the area close to the metal site where

CO; is most favorably adsorbed.?’ This site could also be the most favorable site for CO,
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adsorption for Azo-DMOF-1 at low relative pressure. And from this study, it could be then
indicated that the functionalization of the terephthalate with azobenzene does not seem to disturb
this region resulting in comparable total CO, uptake between Azo-DMOF-1 and DMOF-1 at 750
mmHg and 298 K. Previous computational study in light-responsive PCN-123 using the same
photo-responsive ligand also indicate that regardless of the azobenzene orientation in the pore, it
does not significantly shield the area around metal center where CO, is most favorably
adsorbed.*° Thus, the assumed random orientation of the azobenzene in Azo-DMOF-1 does not
also affect the total CO, adsorption at this condition. However, as the pore of the Azo-DMOF-1
are more occupied with CO,, the impact of the bulky azobenzene ligand could be observed. As
can be seen in the CO, uptake data at 273 K, the CO, uptake of Azo-DMOF-1 was lower than
the DMOF-1 at 750 mmHg. The total uptake at 750 mmHg and 273 K was found to be around 73
and 90 cm’ g (STP) for Azo-DMOF-1 and DMOF-1, respectively. This then indicates that at
higher relative pressure (P/P0), as more CO, molecules could be adsorbed, lower pore volume
and surface area of Azo-DMOF-1 than DMOF-1 starts to significantly limit the total amount of

CO, that can be adsorbed.

Since the MOFs pores are occupied with azobenzene functionalities, a CO, photo-responsive
ability of the MOF was also investigated. As can be seen in Figure 2(A) and (B), the CO, uptake
of the Azo-DMOF-1 MOF was lower when it was measured under UV-light under static
condition. The CO, uptake under UV light at 750 mmHg was found to be around 36 and 29 cm’
g STP at 273 and 298 K, respectively. This value was around 30% lower compared with the
normal condition. In addition, Azo-DMOF-1 could also experience a CO, dynamic
photoswitching as previously observed with generation-3 light-responsive MOFs.* ! This

behavior was not previously observed in PCN-123 as a generation-2 light-responsive MOF.*
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Upon UV light irradiation, the CO, adsorption of the MOF decreased significantly to be about
35% from its non-UV irradiated condition that intersects well with the CO, uptake under UV-
light in static condition. Once the UV light was switched off, the CO, uptake could be brought
back to its initial condition. We also did a control experiment using the DMOF-1 since the only
difference is the presence of azobenzene group inside the pore. As can be seen in the supporting
information (Figure S6), although we did observe a slight decrease in CO; uptake when the UV
light was switched on, this could be attributed to the slight increase in temperature generated
from the UV light. However, this decrease was not as significant as observed in the Azo-DMOF-

1.

The difference in CO, uptake under UV irradiation could then be attributed to the hindered
isomerization of the azobenzene group inside the MOF’s pores as previously observed in F-azo-
MIL-53.>' In this phenomenon, the energy from UV light could be absorbed by the azobenzene
groups of the MOF. However the pore condition might hinder them to isomerize efficiently. This
was also proven through UV-Vis spectrum of the digested sample (Supporting Information,
Figure S7). As could be seen, almost no absorbance change was observed when the solid state
MOF was irradiated with UV light followed by digestion. However, a typical azobenzene
isomerization could be observed if the sample was digested first followed by UV irradiation.
Since the UV light energy received by the MOF could not be utilized to isomerize the
azobenzene ligand, the energy must be dissipated through release of adsorbed CO, from the
framework. This explanation is more likely since no significant difference in CO, uptake was
observed when the MOF was irradiated ex-situ which was then followed by CO, uptake
measurement (Supporting Information, Figure S8). This showed that no photoisomerzation of the

azobenzene group occurred after the UV-light irradiation.
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An evaluation on the CO; isosteric heat of adsorption (Q,gs) also confirms the low CO,-MOF
framework interaction when it was irradiated with UV light. From Figure 2(C), it could be seen
that under normal condition, the Q,4s of CO, was found to be around 25 kJ mol ™. This value is
higher compared with the Q,4s reported for DMOF-1 MOF which is around 17-18 kJ/mol as what
we also observed (Supporting Information, Figure S10) **** but comparable with other DMOF-1
framework that has favorable CO, adsorption site” and other potential porous materials for
carbon capture such as Cu-BTC>*** This proves that the presence of azobenzene group from the
ligand also contributes in improving the interaction between CO; and the MOF framework. This
might be caused by the ability of the azobenzene functionality to establish a Lewis acid-base
interaction with CO; molecule and thus improving the Azo-DMOF-1 framework affinity towards
CO,.* From carbon capture point of view, this value can be considered as moderate which is
beneficial in the trade-off between selectivity and energy required for regeneration.*>>*
Meanwhile, under UV-irradiation, the Q,q4s was found to be around 18 kJ mol ™ which is around
30% lower compared with the non-irradiated state and comparable with non-functionalized
DMOF-1. Lower Q,q4s value could then be related with lower affinity between CO; and the
framework induced by the UV light resulting in instantaneous CO, release upon UV irradiation.
Combination of lower CO; uptake and CO; Q,4s during UV irradiation then make this material to
be promising for a low-energy carbon capture application with minimal regeneration energy

requirement.

As a last evaluation, the MOF was then tested for its stability during storage and adsorption
cycling. During this study period, the MOF was stored in a laboratory ambient condition
(without using any glove box or inert condition) for one month and had two further dynamic CO,

photo-switching tests. The result is presented in Figure 2(D). The aged MOF could still maintain
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its CO;, uptake after storing as in the fresh condition. Furthermore, it could also maintain its
highly efficient dynamic photoswitching ability as observed in its pristine condition. This shows
the framework structure of the MOF could still be well maintained during the storing condition
and no indication of structural degradation was observed as also confirmed by PXRD pattern of
the aged MOF when stored for two weeks and four weeks (Supplementary Information, Figure
S9). The combination of relatively high CO, uptake, highly efficient CO, dynamic
photoswitching and relative stability of the Azo-DMOF-1 renders it to be one of the best
performing generation-2 light-responsive MOFs studied this far (see Table S1 for a performance

comparison) and makes it a promising candidate for low energy CO, capture.
Az0-DMOF-1 mixed matrix membrane

To further explore the application of the MOF, we further utilized the MOF to be incorporated as
filler in a mixed matrix membrane and to evaluate the performance of the resulting mixed matrix
membrane for CO,/N, separation. This is mainly because previous works have shown the
beneficial aspect of having azobenzene functionality in enhancing the CO,/N, separation in
membrane-based separation.’®>’ Matrimid and PIM-1 were then chosen as the polymer matrix
for the MMM and the MOF was loaded with various loadings between 5 to 20 wt%. We found
that we could not obtain a very high loading of the MMM since the structure of the resulting
MMM started to be very brittle at a very high loading. This might be caused by the particle size

of the MOFs that is still in the range of the micron-size.

All the MMM s were then characterized using various methods such as PXRD, FTIR, TGA and
SEM to confirm to presence of the MOF inside the matrix. The results are presented in Figure 3.

It could be seen from the PXRD results that the peaks belonging to the Azo-DMOF-1 start to
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appear at 5 wt% loading both for Matrimid and PIM-1 composite membrane. The relative
intensity of these identity peaks increase as the MOF loading is increased in both composite
membranes accompanied by decrease in relative intensity of the peaks belonging to the polymer
matrix. It is also observed that the main peaks from the Azo-DMOF-1 were slightly shifted to
lower angle. This could be attributed to the polymer chain penetration into the Azo-DMOF-1

pore as previously observed in the glassy polymer with MOF with flexible structure.”®

FTIR spectra also confirm the presence of the MOF inside the composite membranes as the
azobenzene peaks could be observed in the MMMs spectra. Three peaks belong to the
azobenzene could be observed in the MMMs, namely at around 1374 cm™, 1398 cm™ which are
attributed to N=N stretch and 1636 cm™. These peaks could be attributed to the azobenzene

compound inside the matrix.

Thermal analysis of MMMs also showed the incorporation of the MOFs inside the polymer
matrix. As in DMOF-1, azo-DMOF-1 also started to experience degradation at around 300°C
until around 450°C. This was indicated by two regions which can be attributed to the degradation
of the two linkers used in the MOF. As in the MOF, all MMMs also exhibited a similar behavior

and much more pronounced at higher loading, namely the 20 wt% azo-DMOF-1 — PIM-1

polymer.

Lastly, it could also be seen from the SEM micrographs that the MOF particle could be evenly
dispersed inside the MMMs. No interfacial defects between the MOFs and polymer were
observed from the micrographs indicating a good interaction could be established between the

MOF and the polymer at the loadings used in this study. However, some particle aggregates
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could be appreciated to appear for the PIM-1 MMM with the highest loading which could impact

the membrane performance.

The performance of the MMMs was then evaluated for CO,/N; separation which is applicable in
post-combustion carbon capture. The first composite membrane to be evaluated was Azo-
DMOF-1 — Matrimid MMM. As can be seen in Figure 4(A), both CO, permeability and CO,/N;
selectivity could be significantly enhanced. The CO, permeability of the pristine Matrimid was
found to be about 6.7 Barrer whilst CO,/N; ideal selectivity was around 29. Upon loading the
Matrimid with 5 wt% of Azo-DMOF-1, the CO, permeability could be increased to around 9.6
Barrer while the increase in CO,/N, ideal selectivity reached 36. For Matrimid MMM with the
highest loading of 10 wt%, the improvements were more pronounced. The CO, permeability
increased about twofold to be about 13 Barrer accompanied by an increase in CO,/N, ideal
selectivity to around 50. To confirm that this effect was due to the presence of the Azo-DMOF-1,
we also did an evaluation by fabricating a 10 wt% DMOF-1 — Matrimid MMM. As can be seen
in Figure 4(A), the Matrimid MMM loaded with DMOF-1 MOF did also exhibit improvement

in CO; permeability but its CO,/N, ideal selectivity barely increased.

Apart from Matrimid as the most common polymer, we also studied the performance of this
MOF using PIM-1 as the polymer matrix to fabricate MMMs. This is because pristine PIM-1
membrane has a promising combination of gas permeability and selectivity which is close to the
2008 Robeson Upper Bound for most gas pairs. As in Matrimid-based MMM, we also varied the
loading of the Azo-DMOF-1 in PIM-1 from 5 to 20 wt% loading. The result for the gas

permeability and selectivity is presented in Figure 4(A).
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First of all, it could be seen that the pristine PIM-1 has a gas permeability of around 4000 Barrer
and the CO,/N; ideal selectivity was found to be around 15. This result is comparable with

previously published results with PIM-1 membrane.**

Upon incorporation with the MOF at 5
wt% loading, the CO, permeability could be increased to around 6700 Barrer. This was also
followed by improvement in CO,/N; ideal selectivity to around 20. Upon increasing the MOF
loading to be 10 wt%, the CO, permeability could be increased further slightly to be around 7500
Barrer while maintaining the selectivity around 19. For the PIM-1 MMM with the highest
loading, namely 20 wt%, the CO, permeability could reach up to 10000 Barrer but with a slight
compromise of decrease in CO,/N; ideal selectivity to around 17. The slight reduction of the
CO,/N; ideal selectivity could be attributed to particle agglomeration resulting in the
development of some micro-cracks formed at the MOF-polymer interface that was not obvious
through SEM micrograph.*' Despite this, all these results show the ability of the PIM-1 MMM to
surpass the 2008 Robeson Upper Bound for CO,/N; separation.*? As in Matrimid-based MMM,
we also did a comparison study with the 10 wt% DMOF-1 — PIM-1. As also can be seen, the
DMOF-1 — PIM-1 MMM showed an increase in CO, permeability to be around 7000 Barrer
compared with the pristine PIM-1 which had 4500 Barrer. However, a difference regarding
CO,/N; separation factor could be observed. The CO,/N; ideal selectivity of DMOF-1 — PIM-1

was found to barely increase to be around 13 as in pristine PIM-1. This improvement in ideal

selectivity is then in agreement with the previous observation with DMOF-1 — Matrimid MMM.

To further investigate the promising result from PIM-1-based MMMs, equimolar mixed gas
scenarios were also studied and the results are presented in Figure 4(A) (half-filled symbols). It
could be seen that in the equimolar mixed gas condition, the CO, permeability decreased almost

20% for the pristine PIM-1 compared with the single gas condition. In addition, the CO,/N;
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selectivity also decreased to around 10. This reduction in CO; permeability is more significant
compared with some previous investigations**** but is still consistent with some findings that
observed reduction in CO, permeability and separation factor in a mixed gas scenario.*”*® This
could be attributed by different total pressure used during this study. It should be noted that the
total pressure used in this study was around 1.5 bar (22 psia) during the single gas and mixed gas
permeation study. As the gas permeation in PIM-1 membrane is highly dependent towards
pressure, operation at lower pressure compared with the other studies might cause this
phenomenon. In addition, there is also a possibility of competitive sorption between CO; and N,
to be transported across the membrane during the mixed gas scenario resulting in lower

membrane permeability and separation factor.**

A positive trend started to appear in the Azo-DMOF-1 — PIM-1 MMM. For an equimolar
mixture of CO, and Ny, all of the MMM still exhibited similar behavior with the pristine PIM-1.
About 25 % reduction in CO, permeability compared with the single gas measurement could still
be observed. For the PIM-1 with the highest loading in particular, the CO, permeability could be
maintained around at around 7600 Barrer, which is around 82% of the value obtained from the
single gas permeation. However, a more positive impact could be observed for the CO»/N;
separation factor. The separation factor increased as more Azo-DMOF-1 was loaded in the PIM-
1. For the equimolar feed of CO; and N,, the separation factor increased by about 40% for the
composite membrane with highest loading compared with the pristine PIM-1. This situation was
barely observed when the PIM-1 was loaded with DMOF-1, in which case the separation factor
was observed to be around 11. The 10 and 20 wt% Azo-DMOF-1 — PIM-1 MMMs were
observed to have a separation factor around 13 and 14, respectively, showing that the

performance started to plateau.
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Compared with other relevant results in MOF- based mixed matrix membranes for CO,/N,
separation, the results obtained in this study are quite compelling. As can be seen in Figure 4(B),
most studies in MMM s involving Matrimid, PIM-1 and other MOFs for CO,/N, separation fall
in the intersection of quadrant 1 and quadrant 4 regarding the permeability and selectivity

22454750 Iy this case, the MMMs are observed to have higher CO, permeability

improvement.
compared with the neat polymers but their selectivity barely change. Few MMM s could also be
observed to fall between the intersection of quadrant 1 and quadrant 2. In this case, polymer
chain rigidification and penetration into the MOFs could happen resulting in higher ideal
selectivity but a slight compromise in CO;, permeability. In an ideal situation, MOF-based
MMMs are expected to show performance which is located at the upper right of quadrant 1. In
this area, a beneficial interaction does exist between the MOF and the polymer resulting in both
higher permeability and selectivity compared with the neat polymer. This condition could then
be fulfilled as observed in this study by using Azo-DMOF-1 as the filler for the MMM. Both
Matrimid and PIM-1-based MMMs show the similar trend, namely walking towards the upper

right region of quadrant 1. This then shows the beneficial aspect of the azo-DMOF-1 compared

with other MOFs including its parent structure, namely DMOF-1.

Although the difference between the Azo-DMOF-1 and DMOF-1 is only located on the presence
of azobenzene group inside the MOF’s pore, the performance behavior of the resulting MMMs
were significantly different. A number of investigations have been attempted previously to
predict and confirm the performance of DMOF-1 based membrane. For example, Erucar and
Keskin have conducted a molecular study on DMOF-1 both in pure and composite membrane.”'
It is clear from their result that the MOF is only capable in enhancing the polymeric membrane

CO, permeability without significant enhancement in selectivity. Although their study does not
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include CO,/N; separation performance, a similar trend (permeability improvement but stagnant
selectivity) is confirmed by another study using the MOF in PDMS and polyimide matrix for
CO,/N;, separation.”” Despite the ability of the resulting composite membranes for getting close
to the 2008 Robeson Upper Bound, the membranes only experienced improvement in CO,
permeability and not selectivity. Furthermore, this phenomenon is not peculiar to the DMOF-1
MOF. A computational study has also been previously conducted to evaluate the performance of
various MOFs for CO,/N, separation in a composite membrane.>? The result shows that only
CO; permeability could be improved while selectivity remains unchanged which is also
confirmed by other various studies which also confirms the location of the most of the MMMs
performance that lies in the intersection of quadrant 1 and quadrant 4. Our study in DMOF-1
MMNMs also confirmed this trend. As can be seen in Figure 4(C), the performance of DMOF-1
MMMs matched well with the predicted Maxwell model on permeability and selectivity with
only a slight deviation observed. However, the Maxwell approach by using DMOF-1 system
could not predict the performance of the Azo-DMOF-1 composites despite the only difference
being the presence of azobenzene functionality where both permeability and selectivity of the

MMMs are improved.

Since we observed different trends from most of the studies conducted on composite membranes,
both diffusion and solubility coefficient values were calculated from the time-lag method™ to
obtain more insight on the effect of the azo MOF incorporation into the Matrimid and PIM-1 and
the permeability and selectivity improvement. As can be seen in Figure 4(D), the diffusion
coefficient of the resulting MMM s could be increased compared with the pristine membranes.
The increase in diffusivity could be attributed to the increase of free volume from the

incorporated MOFs that contributes in enhancing gas diffusion across the MMMs. However,
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both CO; and N, experienced similar improvement in diffusion enhancement. This could be seen
from the diffusion selectivity value that only increased slightly both in Matrimid and PIM-1

MMMs.

Meanwhile, a different situation could be observed for the solubility coefficient. Firstly, it could
be seen that the solubility coefficient of the resulting MMMs decreased with higher particle
loading. The gas diffusivity increase and solubility decrease were also previously observed in
various mixed matrix membranes made from PEBAX,54 Matrimid®® and PIM.* This could be
caused by lower gas solubility of the filler compared to the polymer resulting in an improvement
of the solubility coefficient.* However, different from diffusivity selectivity, the decrease in
solubility coefficient is accompanied by an increase in solubility selectivity for the MMMs used
in this study. In membranes for gas separation, the solubility coefficient is related to the
favorable thermodynamic interaction between the penetrant and the membrane. Therefore, the
incorporation of the azo group in Azo-DMOF-1 framework might improve the affinity of the
MMMs towards CO; rather than N, resulting in higher ideal selectivity. Previous investigations
in the area of porous materials have also shown the beneficial aspect of having azobenzene
functionality for CO,/N; separation because of the ability of the azobenzene group with its
nitrogen-rich environment to attract CO, through Lewis acid-base interaction and large

26-27, 35

quadrupolar moment. This study then further proves that the benefit of having azobenzene

group in the MOF could be translated and useful in CO,/N, membrane separation.
CONCLUSIONS.

In conclusion, we have successfully synthesized a new generation-2 light-responsive MOFs

called Azo-DMOF-1. Compared to its parent, DMOF-1, the MOF has an azobenzene compound
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protruding into the pore. Although a significant reduction of surface area was observed compared
with the parent DMOF-1, the presence of azobenzene group was proven beneficial in improving
the affinity between CO, and the framework as indicated by the enhancement of the CO; Q,gs.
Interestingly, the presence of the azobenzene group in Azo-DMOF-1 is also beneficial in making
the MOF to be photo-responsive towards CO, which is applicable for low-energy CO; capture.
Further application was then explored by utilizing the MOF as a filler in a mixed matrix
membrane. Both Matrimid and PIM-1 MMMs could be successfully fabricated using the Azo-
DMOF-1 as the filler with various loadings. The performance test showed that both permeability
and CO»/N; selectivity could be significantly improved in the MMM incorporating the Azo-
DMOF-1 which was not observed with the DMOF-1. For PIM-1 based MMM s in particular, the
performance could surpass the 2008 Robeson Upper Bound indicating the promising

performance of this particular MMM s for post combustion CO; capture application.
EXPERIMENTAL SECTION.
Synthesis of 2-phenyldiazenyl terephthalic acid (L1)

L1 was synthesized according to the published procedure with some modifications.® In a typical
synthesis, 2.2 g of nitrosobenzene and 2.1 g of dimethylaminoterephthalate was dissolved in 85
mL glacial acetic acid in a round bottom flask. The solution turned to dark brown as reaction
went on. The solution was then stirred for more than 3 days at 60°C under reflux. Afterwards,
the solution was concentrated by evaporating the glacial acetic acid using a rotary evaporator.
The concentrated solution was then neutralized using a saturated sodium hydrogen carbonate

solution. The organic phase was then extracted using chloroform and concentrated under
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vacuum. The crude product was purified using column chromatography (hexane : ethyl acetate :

diethyl ether = 50:25:25) (1.33 g, yield 44%).

About 1.2 g of the resulting product was then dissolved in a mixture of 20% NaOH, THF and
methanol (1:1:1). The reaction was stirred overnight at 50°C. The organic phase was removed
and the aqueous part was acidified using 4M hydrochloric acid. The solid was then back
extracted using diethyl ether which was then removed under vacuum to give an orange product
(1 g, yield 92%). The purity of the ligand was confirmed by 'H-NMR and mass spectrometer

result as given in the Figure S1 and Figure S2, respectively, in the supporting information.
Synthesis of Azo-DMOF-1 and DMOF-1

Azo-DMOF-1 was synthesized by adapting the synthesis of its parent MOF Zn(bdc),(dabco). In
a typical synthesis, 0.11 g of Zn(NO3),.6H>0, 0.1 gof L1 and 0.022 g of DABCO were
dissolved in 12 mL DMF through ultrasonication. The solution was then transferred into a glass
vial and heated at 120°C for 2 days. The precipitate was then collected by filtration under
vacuum and washed with DMF and DCM. The yield of the dried product was found to be around
39%. Azo-DMOF-1 was also then characterized using 'H-NMR, TGA-MS and FTIR to confirm
the successful synthesis of the new materials (see Supporting Information for the characterization

details)

Meanwhile, DMOF-1 was synthesized according to the previously reported procedure.' In a
typical synthesis, 0.11 g of Zn(NO;),.6H20, 0.061 g of terephthalic acid and 0.022 g of DABCO
were dissolved in 12 mL DMF in a glass vial through ultrasonication. The vial was heated at
120°C for two days. The products were collected by filtration and then washed with DMF and

dichloromethane.
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Fabrication of mixed matrix membranes

Matrimid and PIM-1 were used as the polymers for mixed matrix membrane fabrication. PIM-1
was synthesized according to the published procedure.”® MMMs were fabricated with different
particle loadings. In a typical fabrication, the required amount of particles and about 33% of the
required amount of polymers were firstly dispersed in dichloromethane. After stirring for about 8
hours, the rest of the required polymer was added to the solution. The solution was then kept
stirred overnight. Afterwards, the solution was poured into a petri dish and covered with
perforated aluminum foil to evaporate the dichloromethane. For Matrimid-based MMM, this was
followed by directly drying the membrane in the vacuum oven at 90°C for overnight. Meanwhile
for PIM-1-based MMM, the membrane was soaked in methanol for 4 hours followed by

overnight drying in vacuum oven at 85°C.
Nitrogen and CO; adsorption measurement

Both DMOF-1 and Azo-DMOF-1 was firstly activated under vacuum at 110°C before each
measurement. Both nitrogen and CO; adsorption data were collected using Micromeritics 3Flex
Instrument. The temperature for nitrogen sorption experiment was 77 K. The nitrogen sorption
data was then used to calculate the pore width and pore volume according to the Horvath-
Kawazoe model.”” Meanwhile for the CO, adsorption, the two different temperatures were used:
273 and 298 K. Micromeritics ISO Controller filled with a 50:50 mixture of water and ethylene
glycol was used to maintain the temperature during the measurement. The dynamic and static

photoswitching of CO, adsorption were conducted using the previously published procedure.’®

Mixed matrix membrane performance test
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The membrane permeability was measured using a constant volume variable pressure approach.

The complete description of the permeation has been previously published.*®

For a mixed gas scenario, the gas rig was connected to the PerkinElmer Clarus 580 Gas
Chromatograph (GC) to analyze the permeate composition. The columns installed in the GC are:
(1) 77 HayeSep N 60/80, 1/8” Sf, (2) 9° Molecular Sieve 13x 45/60, 1/8” Sf, (3) 9° Molecular
Sieve 5A 45/60 St and (4) 4° HayeSep T 60/80 Sf. The gas flow was controlled using mass flow
controller purchased from Bronkhorst. For equimolar mixture, the CO, and N, flowrate were
both maintained at 15 scm® min™'. Meanwhile for the equimolar mixture scenario, the CO; and
N, flowrate were both maintained at 15 scm’ min™'. The upstream pressure was maintained
around 1.5 bar (22 psia) during the measurement and helium was used as the sweep gas at the
permeate side flowing at 15 scm® min™. The schematic diagram of this test is given in Figure S6

in the supplementary information.
Other characterizations

Powder X-Ray Diffraction (PXRD) diffractograms were obtained using PAN-analytical
instrument using Cu-Ka as the X-Ray source. The voltage and current was maintained at 40 kV
and 20 mA, respectively, during the measurement. Measurement took place at ambient condition
and the sample was spun. The diffractograms were collected between 5-40° in 26 with 0.008°

sample step.

Fourier Transformed Infrared Spectroscopy (FTIR) spectra were obtained using a Perkin-Elmer

Spectrum 100 ATR-FTIR Spectrometer.
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Thermal behavior of the samples were obtained using Netzsch STA 449 F5 Jupiter equipment.
About 20 mg of sample was used both for MOF and the membranes. The heating rate was 5K

min™ under nitrogen atmosphere flowing at 20 ml min™".

SEM micrographs of the gold sputtered samples were acquired using a field emission gun
scanning electron microscope (FEGSEM) Sigma 300 operated in secondary electron imaging
mode at 5kV accelerating voltage. The working distance (WD) for the particles and membranes

was 12 mm and 5-6 mm, respectively.

FIGURES.
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Displayed equations

MMMs.

Maxwell equation used in this study is described below

Py+2P.-20(P.-Py)
Py+2P.+@(P.-P,)

Pmmm = PC [
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where Pymm, P and Py refer to gas permeability of the mixed matrix membrane, continuous
phase (polymer matrix) and disperse phase (MOF) while @ stands for the fraction of the filler in

the continuous phase.
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