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@ Metal-Organic Frameworks

;;:” Dynamic Photo-Switching in Metal-Organic Frameworks as a Route to
\"* Low-Energy Carbon Dioxide Capture and Release**

Richelle Lyndon,* Kristina Konstas, Bradley P. Ladewig, Peter D. Southon, Prof

Cameron J. Kepert, and Matthew R. Hill*

For post-combustion carbon dioxide capture technology to
realize widespread viability, the energy costs must be
drastically reduced. Current adsorbent technologies that
rely on pressure, temperature, or vacuum swings consume
as much as 40 % of the production capacity of a power plant,
most of which is associated with the liberation of CO, from
the capture medium.!! Ultimately this penalty, or parasitic
energy load, must be brought closer to the thermodynamic
minimum of about 4% to avoid prohibitive cost increases.”
Given that the triggers for release of adsorbed carbon dioxide,
such as vacuum and heating, are so energy intensive,['*’!
requiring energy from the power plant, there is strong
motivation to develop new release triggers that do not
require extra energy from the plant, using renewable energy
sources such as the sun. In conjunction with this, adsorbents
with maximum gas sorption efficiency can further reduce the
costs compared to the conventional energy-intensive CO, gas
separation process.

Light, and in particular concentrated sunlight, is an
extremely attractive stimulus for triggering CO, release. If
used with an adsorbent material that strongly absorbs sunlight
concomitant with the desorption of large amounts of CO,, it
may be possible to drastically reduce the energy costs.

Perhaps the most attractive adsorbent candidates are
metal-organic frameworks (MOFs), because of their large
adsorption capacities,” and the potential for incorporation of
light-responsive organic groups within the pore structure. >’
MOFs are an important class of 3D crystalline porous
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materials comprised of metal centers and organic ligands,
joined periodically to establish a crystalline porous array.“!!
The large internal surface areas can be used to adsorb
unprecedented quantities of gases,**®! with particular interest
in hydrogen,**” methane,**7*" and carbon dioxide emer-
gent'[la,c‘4c,7b,h,9]

Methods for the incorporation of light-responsive groups
within MOFs include the use of pendant groups pointing into
the pores,'” and filling of pores with light-responsive guest
molecules.'!! The responsive groups within these materials
may then alter their conformation when exposed to filtered
light which results in a change in adsorption capacity, as
reported thus far for static conditions.!'*!!

The responsive groups within these MOFs can be
statically set to one position or another. For use in photo-
swing carbon dioxide capture, MOFs that can respond
dynamically, or to the broadband radiation found in sunlight
whilst loaded with adsorbed gas, are ideal. This will increase
the speed of operation and lower the energy costs (see
Figure 1)

hv, CO, desorption

Y :; ®
NK_//
Instantly reversible

CO, uptake

N
[0}
B AWy

o]
AzDC N )

Figure 1. Dynamic photo-switching in the light-responsive MOF Zn-
(AzDC) (4,4"-BPE), 5 leads to instantly reversible CO, uptake.

Azobenzene and its derivatives are well-known photo-
chromic molecules that can undergo clean and efficient
reversible photoisomerization about the azo bond to cis and
trans states upon irradiation (coordinated trans: A,
/370 nm, cis: Ay ~460 nm).'? Conversion of azobenzene
to the 4,4'-dicarboxylate (AzDC) delivers a ligand that can be
incorporated into MOF architectures. Furthermore, the pillar
ligand trans-1,2-bis(4-pyridyl)ethylene (4,4-BPE) has also
been reported to demonstrate cis—trans photoisomerizability
when coordinated to a metal complex.'! Combination of
these two ligands within zinc-based MOFs generates the triply
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interpenetrated framework Zn(AzDC)(4,4-BPE),s, which
exhibits an open topology amenable to high capacity and
selective adsorption of hydrogen and carbon dioxide (see
Figure SI-1).

The triply interpenetrated framework Zn(AzDC)(4,4'-
BPE),s was prepared solvothermally using previously
reported methods (see Supporting Information).'¥ The
framework is assembled from paddle wheel dinuclear Zn,
units, bridging AzDC dianions and 4,4-BPE pillar ligands.
Photoresponsive studies in solid state revealed a photoactive
framework. Trans- and cis-AzDC n-n* (S1 state) and n—m*
(S2 state) transitions can be detected at 455 and 380 nm in the
excitation spectra, respectively (Figure SI-5). The coordina-
tion of 4,4'-BPE to Zn results in a photoactive species under
light irradiation.® The trans isomer of the 4,4-BPE ligand
exhibits overlapping excitation bands of metal-to-ligand
(MLCT) and ligand-to-ligand (LLCT) charge-transfers in
the 310-375 nm region (Figure SI-6 in the Supporting Infor-
mation).'®®! Excitation in this region generates trans—cis
isomerization as shown in the excitation spectra where the
MLCT band maximum shift to 285 nm."*¥ Both cis-AzDC
and 4,4-BPE can return to their trans state.

Herein we report the discovery of strong, low-energy
photoresponse in Zn(AzDC)(4,4-BPE),s and find that the
behavior is dynamic and localized, irrespective of the use of
broadband or filtered light sources. Previous researches have
not detected cis—trans changes where azo groups are part of
the MOF wall and not as pendant groups in the pores."” In
the present article it is reported that bending about the azo
group can be observed to occur on a local scale in a dynamic
fashion, perfect for on-line adsorbent regeneration. The effect
was directly observed in the UV/Vis emission profiles and
time-resolved infrared spectra, and indirectly through gas
adsorption experiments with careful controls in place, and
pore analysis calculations. We found agreement with the
literature in that the effects could not be observed over larger
length scales; synchrotron X-ray diffraction did not reveal
a structural change."® This unusual property was exploited to
trigger the uptake and release of carbon dioxide in real time,
during adsorption experiments. Exposure to UV light
resulted in an instantaneous release of up to 64 % of the
adsorbed CO, using broadband radiation, similar to concen-
trated solar sources. Furthermore, the response was found to
be fully reversible. The dynamic, yet localized structural
movements have been directly characterized spectroscopi-
cally, and isolated with several careful control experiments.

As shown in Figure 2, Zn(AzDC)(4,4'-BPE),s exhibits
unprecedented dynamic switching under CO, adsorption,
with a 42% desorption capacity under static irradiation
conditions (red and black curves), and as much as 64 % during
dynamic measurements (blue curve). Light irradiation
increased the MOF surface energy, in which intermolecular
interactions between CO, molecules and the surface weak-
ened, and thus triggered instantaneous CO, release. Dynamic
irradiation isotherms follow values obtained under continu-
ous irradiation conditions, however the reversal in uptake was
not entirely complete under the dynamic measurement
conditions employed. Such dynamicity could not be triggered
by free AzDC and 4,4-BPE molecules because of the small
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Figure 2. CO, adsorption isotherms of Zn(AzDC)(4,4"-BPE),s at 303 K
in the presence of light (red), absence of light (black), and unfiltered
light switching environment (blue). Temperature fluctuations were not
observed during the light switching experiment (green). The light
intensity was fixed at 24.6 Wcm ™2 in the wavelength range of 200~
500 nm (STP=standard temperature and pressure).

pores of the MOF (3.4 x 3.4 A)."Yl A series of careful control
experiments were undertaken to ensure that this phenom-
enon was not an experimental or material artefact, but due
solely to the dynamic photoresponse observed. Careful
localized temperature monitoring showed that the temper-
ature varied by less than 0.2°C, indicating that minor
localized heating did occur, however it was not a significant
factor in the uptake variation (Figure?2). Furthermore,
experiments with control materials including SAPO-34 zeo-
lite, and also a framework without known photoactive groups,
Cu-BTC (Basolite C300), showed almost no CO, uptake
variations upon UV irradiation (0.2 and 2% vs. 64% for
Zn(AzDC)(4,4-BPE),s), see Figure SI-10. An isobar has
been measured, where temperature was changed with con-
stant pressure, and these show that the temperature needs to
rise by 25 K for the same uptake variation to be observed
(Figure SI-11). A degree of the release may be due to general
sample heating, although this is likely to be small given the
negligible change in control samples.

To directly observe the structural oscillations, time-
resolved FTIR spectroscopy under UV irradiation was
performed, (Figure 3a,b). Significant changes in peak inten-
sity for the region of 540-700 cm™' were observed under
irradiation, whereas the remaining spectrum was unchanged.
The peak intensity increase at 550 cm™! can be attributed to
C—C—C and C—C—-N bending modes with AzDC,"” indicating
low-energy structural variations about the azo group, which
occurred due to the suppression of cis—trans isomerization.!'¥!
These bending modes are likely to be responsible for the
spontaneous release of adsorbed CO, upon irradiation, in
which the pore surface was activated and the surface energy
was increased (Figure 3b). Similar experiments on the free
ligand AzDC confirmed this effect (Figure 3a). An increase
in intensity at 537 cm™' indicated the activation of bending
modes about the C—C—N bonds within the ligand. Further-
more, very minor peak increases in the free ligand at
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Figure 3. C—C—C and C—C—N low-energy FTIR bending modes in
AzDC were found to be excited by UV light in both a) the ligand and
b) the framework. c) Continual irradiation led to oscillations between
native and excited states witnessed with UV/Vis absorption. d) It was
confirmed that the transitions were local and dynamic, as synchrotron
XRD experiments did not reveal any periodic changes.

1516 cm™" were observed, assigned to higher energy cis-N=N
stretching modes forming as the native frans material was
excited.!'”) These modes were not seen to change within the
framework, highlighting the restricted AzDC in this structure,
which could not undertake these transitions. This also
explains why no changes were seen in the X-ray diffractogram
(Figure 3d). This result was also replicated with similar UV/
Vis experiments, where only a small fraction of cis isomers
were detected (Figure 3¢). The framework was continuously
exposed to either 365 or 460 nm light and the intensity of the
absorption peak is monitored. Absorption related to trans-
AzDC and cis-AzDC moieties was found to be complemen-
tary and also periodically changing, regardless of whether the
excitation wavelength promoted formation of either cis or
trans structures. Under continuous irradiation from either
370 nm (promote cis-AzDC) or 460 nm light (promote trans-
AzDC), small fractions of the structure were found to
periodically oscillate between both isomeric conformations
in a complementary fashion given the additive nature of cis
and ftrans peaks across the two separate experiments. Similar
additive effects were less clear from 4,4-BPE excitation
profiles where there was considerable overlap, although this
ligand also clearly underwent transitions whilst coordinated
within the framework (Figure SI-7). Most likely, this contin-
ual reversion to native states even under irradiation that
promotes an isomeric transformation stems from the struc-
tural stresses induced within the interpenetrated framework,
due to the components also being critical to the topology, and
not pendant to it. Furthermore, rapid changes predominantly
through bending motions must occur throughout the frame-
work to maintain the original triply interpenetrated frame-
work and accomodate the constraints.””) The changes could
not be observed on a periodic scale however, with synchro-
tron X-ray diffraction experiments revealing no changes
(Figure 3d).
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Figure 4. Performance of photo-switching according to light wave-
length, normalized for flux. Filtered light of 365 nm is optimal for cis—
trans photoisomerization of both AzDC and 4,4'-BPE ligands. Inset:
original data without normalization.

Figure 4 (inset) shows that the absolute CO, uptake is
increased and the amount released upon light exposure
lessened when a filtered light source, which has a lower flux, is
used. Filtering the light to 365 nm promotes photoisomeriza-
tion in both the AzDC (Figure 3b) and 4,4-BPE ligands
(Figure SI-6). Accounting for variations in raw uptake
amounts, and changing flux gives Figure 4. Here it is shown
that the efficiency of CO, release is greatly enhanced by the
use of 365 nm filtered light. In both cases the adsorption
amounts in the absence of light irradiation are similar, yet
CO, desorption is found to be more efficient with use of
filtered 365 nm radiation. This effect is most pronounced at
high partial pressures, yet it is notable that at partial pressures
similar to those encountered in post-combustion capture gas
streams (ca. 0.15bar) that unfiltered light gives a very
comparable response. The results imply that in cases where
the light intensity is not a limiting factor, that filtration to
365 nm is preferable, but in other instances, unfiltered,
concentrated sunlight will also perform almost as well,
especially in post-combustion capture streams. Illuminations
up to 20 Wcm 2 (200 solar equivalents) can be achieved using
concentrated sunlight.?!! These remarkable results stem from
the fact that the photoinduced structural changes in Zn-
(AzDC)(4,4'-BPE), 5 are dynamic as witnessed both directly
with UV/Vis and FTIR experiments, and indirectly driving
photoresponsive gas adsorption.

The foregoing results demonstrate that the interpene-
trated framework Zn(AzDC)(4,4-BPE),s can undergo
dynamic light-induced structural flexibility, which results in
large variations in CO, uptakes. For the first time an
experimental protocol was established to exploit this remark-
able property for low-energy CO, capture and release. The
variation in CO, capture performance was found to be
exceptionally strong, as much as 64% under dynamic
measurements and 42 % under static conditions. Character-
ization of the framework showed that the light-induced
structural flexibility is due to both the AzDC and 4,4-BPE

www.angewandte.de

emie

3785


http://www.angewandte.de

Angewandte

3786

Zuschriften

ligands, occurring reversibly and on a local scale, even under
irradiation that would promote formation on just one
conformer. Detailed characterization showed that the tran-
sitions occurred only on a short range scale, and in a dynamic
fashion, accounting for a lack of detection on longer length
scales, in line with previous studies.

This approach represents a potential route to renewable
energy CO, capture and release, and was found to remain
effective under broadband irradiation. This means that
unfiltered sunlight may be used instead of the energy-
intensive temperature and pressure swings to release trapped
gases.

Further developments in this area include other mecha-
nistic investigations, in further increasing the already strong
response, developing similar responses in the visible region,
and taking advantage of the performance within industrially
relevant mixed gas streams.
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