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ABSTRACT: Energy-efficient capture and release of small gas molecules, particularly carbon dioxide (CO2) and methane (CH4) 
are of significant interest in academia and industry. Porous materials such as metal-organic frameworks (MOFs) have been 
extensively studied, as their ultra-high porosities and tunability enable significant amounts of gas to be adsorbed while also 
allowing for specific applications to be targeted. However, because of the microporous nature of MOFs, the gas adsorption 
performance is dominated by high uptake capacity at low pressures, limiting their application. Hence, stimuli-responsive ma-
terials, particularly light-induced switchable adsorption (LISA), offer a unique alternative to thermal methods. Here, we re-
port the mechanism of a well-known LISA system, the azobenzene-based material PCN-250, for CO2 and CH4 adsorption. There 
is a noticeable difference in the LISA effect dependent on the metal cluster involved, with the most significant being PCN-250-
Al, where the adsorption can change by 83.1% CH4 and 56.1% CO2 at 298 K and 1 bar and inducing a volumetric storage 
change of 36.17 cm3/cm3 and 33.9 cm3/cm3 at 298 K between 5-85 bar (CH4) and 2-9 bar (CO2), respectively. Using UV-light 
in both single-crystal X-ray diffraction and gas adsorption testing, we show that upon photoirradiation, the framework un-
dergoes a ‘localized heating’ phenomenon comparable to an increase of 130 K for PCN-250-Fe and improves the working 
capacity. This process functions because of the constrained nature of the ligand, preventing the typical trans-to-cis isomeri-
zation observed in free azobenzene. In addition, we observed that the degree of localized heating is highly dependent on the 
metal cluster involved, with the series of isostructural PCN-250 systems showing variable performance based upon the de-
gree of interaction between the ligand and the metal center.  

Introduction  
The utilization of highly porous materials for small-mole-
cule gas capture is of significant interest because of the large 
quantity of gas that can be adsorbed onto the high surface 
areas of the framework structures.1-5 Porous materials, such 
as metal-organic frameworks (MOFs), have a rich history,6 
and are particularly well known for their ordered structures 
involving organic linkers and metal nodes, both of which al-
low for a high degree of tunability. The structural control of 
MOF materials allows for the surface areas to be modified 
and enables tailored functionalization towards desired ap-
plications. This typically involves tuning the selectivity to-
wards a specific molecule in gas adsorption.7-10 

Methane (CH4) is a significant component of natural gas 
and therefore of interest as a possible fuel source for the 
commercial power and heat sectors and an essential feed-
stock chemical. There is also a growing interest in the trans-
portation sector because CH4 emits less carbon dioxide 
(CO2) per unit of energy than existing gasoline-burning au-
tomobiles. Hence, the U.S. Department of Energy (DOE) has 

established target metrics for deliverable capacities of CH4, 
specifically in the transportation sector. These targets in-
clude a gravimetric storage capacity of 0.5 g g-1 and a volu-
metric capacity of 263 cm3 STP cm-3 within the 5-85 bar 
pressure range.11-12 Although there are candidate MOF ma-
terials that meet the initial uptake requirement (total 
amount of gas adsorbed), the deliverable working capacity 
(usable amount of gas in the desired pressure range), re-
mains limited, with the first candidate to meet volumetric 
and gravimetric performance goals only recently being re-
ported.13 Many porous materials have a significant amount 
of their uptake capacity filled well below the minimum pres-
sure of 5 bar described in the DOE guidelines. Hence, mak-
ing a portion of the adsorbed gas unusable in deliverable ca-
pacity.14 Candidate systems with a high total gas uptake and 
a high deliverable working capacity, therefore, remain 
somewhat elusive.  

Because of the highly porous nature of MOF materials, 
there are many examples of total gas uptakes well above the 



 

 

minimum desired storage threshold.4, 14 However, the max-
imum uptake of the material often does not translate to a 
correspondingly high deliverable working capacity (essen-
tially the difference in uptake at the maximum and mini-
mum usable pressures). Many materials have low working 
capacities despite their significantly high gas uptakes.13-19 A 
variety of approaches have been proposed to overcome this 
issue, including breathable materials,20-22 monolithic super-
structures,23 and stimuli-responsive systems.24-25 Due to the 
rapid advances in modern light-emitting diode technology, 
as well as the precise tunability of light stimuli-responsive 
structures, there has been a general increase in interest in 
utilizing photoirradiation to combat the gas delivery di-
lemma in ultra-porous materials.26 Light as a stimuli-re-
sponsive trigger is advantageous because it can be engi-
neered into a variety of systems, is readily abundant, and is 
often more cost-effective than other stimuli-responsive 
technique strategies. Additionally, it is a strategy that is in-
corporated into other scaffolds.27 

A promising light-responsive functional group, azoben-
zene, has been reported in several robust MOF systems for 
diverse applications.28-31 Azobenzene in free solution un-
dergoes a trans-to-cis isomerization in the presence of UV 
light. The photo-induced isomerization of the molecule is 
caused by the π → π* electronic transition.32 Additionally, 
the molecule can be easily functionalized to precisely tune 
the wavelength maximum of absorbance for this transition. 
28, 33-34 Hence, framework materials with azobenzene incor-
porated into their structures, either as a guest (Type 1),35-36 
a pendent group (Type 2),33, 37-39 or as a part of the linker 
backbone (Type 3),40-41 can undergo light-induced switcha-
ble adsorption (LISA) of guest molecules at tunable wave-
lengths. In Type 1 and 2 systems, the photo-induced gas re-
lease is triggered by the isomerization of the azobenzene 
moiety in the framework. However, in Type 3 systems, the 
azobenzene moiety serves as the backbone of the frame-
work, and consequently, the isomerization is restricted. De-
spite the inability to isomerize, a strong LISA effect was ob-
served and confirmed in such a system, which has implied 
an unknown alternative pathway to trigger gas release.25, 40 
We hypothesized that the LISA effect in a Type 3 system is 
caused by the vibrational relaxation of the excited states of 
the azobenzene moiety under light radiation. The electronic 
structures of the ligand are often critically affected by the 
metal identity, as the metal Lewis acidity and metal-ligand 
charge transfer effect can largely shift the electronic struc-
tures of the ligand. Investigation into metal influence on the 
Type 3 LISA effect can aid in revealing the underlying mech-
anism as well as in designing light-responsive gas 

adsorbents. Herein, we examine the LISA effects of an azo-
benzene-based, isoreticular series of MOFs, known as PCN-
250 (also called MIL-127),42 to elucidate the mechanism of 
scaffold-based Type 3 LISA systems in CO2 and CH4 adsorp-
tion and release (Figure 1). 

 
Results and Discussion 
A series of isoreticular MOFs derived from 3,3’5,5’-azoben-
zene tetracarboxylic acid (ABTC) were synthesized and con-
firmed to be isomorphic using powder X-ray diffraction 
(PXRD). The powder patterns, N2 isotherms, and porosity 
measurements matched well with previous reports (shown 
in the supporting information).43-46 In the analogs of PCN-
250-M, where M = Sc3, Al3, and In3, (also called In-soc-MOF-
1a, Sc-ABTC/socMOF, and Al-soc-MOF-1d),43, 45, 47-48 the 
structures do not undergo a thermal generation of open 
metal sites.43 However, we previously reported that 
PCN-250-Fe could undergo thermal decarboxylation under 
standard activation conditions, resulting in open metal 
sites.49 Therefore, to avoid the influence of open metal site 

Table 1: BET surface areas, and CH4 and CO2 adsorption data at 273 K and 298 K for each of the PCN-250 structures. 
 

PCN-250 
BET surface 
area (m2/g) 

273K CO2 adsorption 
(cm3/g STP) 

298K CO2 adsorption 
(cm3/g STP) 

273K CH4 adsorption 
(cm3/g STP) 

298K CH4 adsorption 
(cm3/g STP) 

Fe3 (II/III) 1,619 133.66 74.10 27.78 22.43 

Fe3 (III) 1,598 50.81 37.07 16.04 11.18 

Al3 1,874 170.48 106.10 43.70 34.01 

Sc3 1,321 101.31 83.62 30.85 20.01 

In3 1,224 108.15 69.13 25.72 16.93 

Note: CO2 and CH4 adsorption at 1 bar. 

 
Figure 1. Structure of PCN-250-M, and the metal cluster where 
M = Fe, Al, In, or Sc, and the H4ABTC ligand. 



 

 

formation and to provide an accurate comparison between 
the isomorphs, the Fe-based material was also activated un-
der supercritical CO2.50 The unactivated and supercritical 
CO2-activated PCN-250-Fe structures were investigated us-
ing 57Fe Mössbauer spectroscopy, which is sensitive to the 
oxidation state and ligand environment of the 57Fe nuclei. 
The spectra of both the unactivated and supercritical CO2 
activated samples at 5 K were dominated by a quadrupole 
doublet (~80% spectral intensity) with isomer shift δ = 0.50 
± 0.02 mm s−1 and quadrupole splitting ΔEQ ranging from 
0.55 to 0.65 mm s−1. The spectra also contained a sextet at 5 
K (~20% spectral intensity), which collapsed into the dou-
blet at 150 K, similar to previous observations.49 These re-
sults indicate that the Fe atoms in both the unactivated and 
supercritical CO2-activated materials are primarily FeIII. For 
comparison, the thermally activated sample produces a 
mixed valent Fe(II)Fe(III)2 cluster.49 

To our knowledge, only the thermally activated 
PCN-250-Fe structure (containing μ3-oxo Fe3

(II/III) activated 
clusters) has been investigated regarding the LISA effect, so 
it was of interest to include the supercritical CO2 obtained 
analog in the current study.40  

 
Gas Sorption Analysis of the LISA Effect 
The N2 adsorption isotherms at 77 K for all PCN-250 struc-
tures (Al3, Sc3, In3, and Fe3) show a steep increase in the low-
pressure region and a flattened portion at pressures above 
0.1 p/po characteristics of Type 1 gas sorption curves.51 The 
results are consistent with the microporous nature of the 

materials. The BET surface areas are reported in Table 1 
along with the 273 K and 298 K CO2 and CH4 adsorption up-
take at 1 bar. 

It is well documented that derivatives of azobenzene 
experience photoisomerization under light irradiation close 
to their adsorption maxima.32 It has also been reported that 
PCN-250-Fe(II/III) has adsorption maxima at 335 nm and 370 
nm,52 thus, the utilization of UV light at 374 nm was suffi-
cient to trigger the photoresponse as the adsorption corre-
sponds to the dominant transition for these systems.  Upon 
continuous light irradiation during adsorption, it was ob-
served that the gas uptakes for all five isomorphs were sig-
nificantly reduced, but to different extents depending on the 
identity of the metal involved. The reduction in adsorption 
at 1 bar for each structure with CO2 and CH4 at 298 K is re-
ported in Figure 2b, and the additional values at 273 K are 
included in the supporting information (Table S1). The find-
ings show that PCN-250-Fe(II/III), the version of the Fe3 acti-
vated thermally and containing high open metal site con-
tent,49 are consistent with literature reports for CO2 at 298 
K.52  For each structure, the LISA effect was higher with CH4 
than CO2. The M3(III) isomorphs in order of the effect for both 
gasses were Al > In > Sc > Fe. The trend of Fe3(II/III) > Fe3(III) 
for both CH4 and CO2 adsorption also indicates that redox 
activity and availability of electronic energy with open 
metal sites in the isoreticular system may be significant. The 
difference between the uptakes of the system in both Fe3 
variants (Table 1) may be attributed to the availability and 
presence of open metal sites. The difference may also be ex-
plained by the orbital availability of the metals involved in 
their ionic and coordination bonding character. Addition-
ally, as the primary electronic transition is π → π* under UV, 
there is potential for metal interaction with the excited state 
due to the symmetry of the orbitals. This is especially inter-
esting as the trend is inversely proportional to the expected 
potential metal-ligand interaction with the system in terms 
of bonding character. Therefore, the finding that the LISA 
effect depends on the metal identity in these isostructural 
systems could be significant.   

High-pressure adsorption was conducted at 298 K on 
the top-performing material, PCN-250-Al, to test for usabil-
ity towards the high-pressure storage of CO2 and CH4 in line 
with the DOE goals for the corresponding pressure ranges. 
The initial uptake performance of PCN-250-Al towards CH4 
was 0.17 g/g and 165.92 cm3/cm3 at 90 bar and 298 K, while 
CO2 was 0.49 g/g and 175.72 cm3/cm3 at 9 bar and 298 K. 
We utilized a custom-built high-pressure UV-irradiation cell 
to test the sample (discussed in the supporting infor-
mation). The system allowed us to expose the material to 
UV light through the bottom of the chamber. The LISA effect 
on the high-pressure working capacity (amount of usable 
gas that can be delivered from the MOF within a desired 
pressure range) was determined to be 22.3% for CH4 at the 
DOE range of 5-85 bar, and 22.1% for CO2 at 2-9 bar (Figure 
3). These results equate to a change in CH4 gravimetric stor-
age of 0.04 g/g and volumetric storage of 36.17 cm3/cm3 for 
5-85 bar, and 0.03 g/g and 33.9 cm3/cm3 between 2-9 bar 
for CO2 (a table of each value is included in the supporting 
information as table S2). Additional high-pressure adsorp-
tion measurements, IR studies, and PXRD assessments were 
performed on the samples after each UV experiment, with 

 
Figure 2. (a) CO2 sorption isotherms at 298 K for PCN-250-Al 
showing the gas uptake with and without UV light. (b) The re-
duction in adsorption (%) at 298 K is shown for CH4 and CO2 for 
all isomorphs.  



 

 

additional tests showing no loss in performance compared 
to the initial adsorption tests (Figures S12-13, S20, S21, 
S29-32). Pressure cycling also indicated no loss in perfor-
mance for each sample tested (Figures S23 and S24). This 
indicated that the change in performance seen in the UV ex-
periments resulted from the UV irradiation and not due to 
irradiation-induced degradation. Therefore, although the 
PCN-250 materials do not meet the desired deliverable 
working capacities outlined by the DOE, the results provide 
a promising approach towards future research directions in 
the field of science-driven carbon capture and methane 
storage.   
 
Single Crystal Diffraction and Neutron Scattering  
Under UV irradiation, azobenzene can go through trans-to-
cis isomerization in solution. Meanwhile, in PCN-250, the 
azobenzene-based ligands are constrained by multiple 
strong bonds. Therefore, we hypothesize that the UV radia-
tion absorbed by the ligand is dissipated thermally through 
vibrational relaxation. Therefore, the localized increased vi-
brational amplitude caused by UV radiation results in ‘local-
ized heating’, causing gas desorption around the N=N bond. 
We investigated the amplitude and vibrational nature of the 
framework material and azobenzene-based ligand under 
UV irradiation to demonstrate the mechanistic hypothesis. 
Single-crystal X-ray diffraction (SCXRD) obtained on Beam-
line 12.2.1 was used to probe the increased vibrational am-
plitude and atomic displacements of the azobenzene-based 
ligand. SCXRD studies were conducted on a crystalline sam-
ple of PCN-250-Fe under N2 flow at varying temperatures 
using a custom UV-irradiation setup at the Advanced Light 
Source (ALS) beamline 12.2.1. In crystallography, aniso-
tropic displacement parameters (ADPs) describe the 

thermal motions of the scattering centers in different direc-
tions, as depicted by the widely used ellipsoid atomic model 
(Figure 4a). Here, the ADPs of the ligand atoms in the struc-
ture are measured and compared to correlate with the vi-
brational amplitude of the atoms in the framework. Specifi-
cally, one of the ADPs, U11, represents the thermal displace-
ment of the atoms perpendicular to the ligand plane as the 
thermal displacements within the ligand plane are primar-
ily constrained by the framework. 

As shown in the refinement results in the supporting 
information, the U11 values of the azobenzene nitrogen at-
oms increase by about 0.7 Å2 under UV radiation at both 100 
K and 350 K, while the atoms in the metal clusters show no 
noticeable changes in U11 values, which supports the UV-in-
duced localized heating effect. To correlate the changes in 
U11 values with temperature, a linear calibration curve for 
non-irradiated U11 in terms of temperature was developed 
from datasets obtained from the same crystal. The R2 value 
for the calibration curve fitting of the anisotropic displace-
ment parameter U11 was high for all atoms on the ligand, 
with a value of R2 = 0.993 observed for the nitrogen atoms 

 
 

Figure 3. High-pressure adsorption at 298 K of PCN-250-Al with 
(red) and without UV (black) UV-irradiation for (a) CH4 at 0-90 
bar and (b) CO2 at 0-10 bar. The working capacities of the sys-
tem in range of 5-85 bar (CH4) and 2-9 bar (CO2) under stand-
ard conditions (blue) and the additional working capacity un-
der UV (green) are shown. The total working capacity for a LISA 
system is highlighted by the purple bar to the right of each 
graph, which is the addition of the blue and green regions. 

 
 

Figure 4. (a) Ellipsoid model of the azobenzene-based ligand in 
PCN-250-Fe under UV irradiation at 100 K. The atomic dis-
placement parameter (ADP), U11, represents the thermal dis-
placement perpendicular to the ligand plane as depicted by the 
elongated ellipsoids. (b) Calibration curve of U11 with respect 
to temperature for the nitrogen atoms showing the displace-
ment parameter for both the 100 K and 350 K sample under UV 
in blue. (c) Temperature map of the ligand under photoexcita-
tion conditions at 100 K as extrapolated from the calibration 
curves of the U11 parameter of each atom. 



 

 

in the azobenzene unit (Figure S25-28 and Table S3). With 
the linear calibration curves parameters, the U11 for differ-
ent atoms on the ligand under UV light at 100 K is converted 
into temperature values and visualized in a two-dimen-
sional heat map of the ligand (Figure 4c). Localized temper-
ature increases of approximately 130 K were observed in 
the proximity of the azo bond unit at both 100 K and 350 K. 
Mechanistically speaking, the localized heating effect re-
sults from the UV-irradiation, which causes direct heating 
primarily to the azobenzene N=N bond. Due to the signifi-
cant extinction coefficient of the azobenzene unit, the en-
ergy input from the light radiation has high efficiency of 
conversion into molecular thermal energy.  

Inelastic neutron scattering (INS) measurements ob-
tained on the VISION spectrometer were used in conjunc-
tion with density functional theory (DFT) calculations per-
formed using VASP to investigate the vibrational lattice dy-
namics of PCN-250 and provide additional insight into the 
flexibility of the structure (Figure 5).53-54  In particular, the 
spectral features in the region below 150 cm-1 were probed 
as we have previously reported that the low-energy 

collective modes are explicitly linked to framework elastic-
ity and mechanisms of instability.55-57 Two particular vibra-
tional modes of interest are highlighted in Figure 5b and c, 
involving symmetric framework face-centered twist (19.75 
cm-1) and vertex-centered twist (44.43 cm-1), respectively. 
The vertex-centered twisting motion is of particular inter-
est as it resembles the structural deformation of PCN-250 
under external pressure.58-59 

From the vibrational results, it is possible to see three 
primary types of ligand vibrations that potentially play a 
role in the LISA effect, namely in-plane and out-of-plane ro-
tation and out-of-plane bending (Figure S33-35). While the 
two in-plane and out-of-plane rotations mainly affect the 
phenyl ring in the ligand, the out-of-plane ligand bending 
may contribute to the LISA effect as it involves the N=N 
bond to a greater extent and changes the pore area where 
host-guest interactions primarily occur. Furthermore, a 
similar bending dynamic is seen in the single crystal data 
observed under UV light.   

Proposed mechanism of Metal Identity Influence 
Azobenzene molecules are known to undergo isomerization 
in a free solution going from a trans (thermally favored) to 
a cis-state (electronic excitation favored) in the presence of 
UV light.32 The exact wavelength of this transition depends 
upon the functional group attachments on the phenyl por-
tion of azobenzene. As the electron-withdrawing and donat-
ing features change, the absorption maximum is either red 
or blue shifted.28, 33-34, 60 When introduced into a framework 
where both ends of the azobenzene are fixed within the 
scaffold, the isomerization can no longer occur. An electron-
ically induced thermal relaxation through vibrationally in-
duced ‘localized heating’ occurs across the N=N bond ob-
served in our SCXRD data (Figure 6). Suppressed localized 
displacement has been suggested in other reports52 as a key 
feature of the LISA effect and further supported here 
through the crystallographic calibration curve of U11. The 
degree of orbital interaction between the metal centers and 
the azobenzene unit during this electronic-induced thermal 
relaxation is a key feature, as evident by the gas adsorption 
performance differences of the PCN-250-M isomorphs. A 
high degree of interaction with the metal centers, resulting 
from the overlap between the π bond of the ligand and the 
metal, resulting in varying dispersions of the electronic en-
ergy between the metal center and the azo bond, altering 
the extent of the LISA effect. In this system, low levels of 
metal interaction concentrate this energy into the vibra-
tional modes of the azo bond, increasing the thermal effect 
observed for the LISA system. This is especially apparent in 
the p-block metal Al, where no readily accessible d-orbital 
can engage in easy orbital overlap with the ligand π* after 

 
 
Figure 5. (a) INS spectra of PCN-250-Al. Two particular vibra-
tional modes are highlighted at (b) 19.75 cm-1 involving a face-
centered twisting motion which deforms the void space within 
the framework and at (c) 44.43 cm-1 involving a vertex-cen-
tered twist around the clusters of the framework which com-
presses and expands the void space. 

 
 
Figure 6. Proposed schematic representing the localized heat-
ing phenomena in Type-3 LISA systems such as PCN-250-M. 



 

 

excitation. Transversely, metal centers with more favorable 
overlap, such as Fe, can act as electronic energy sinks at the 
cluster sites through ligand-to-metal electronic transfer, 
thus reducing the available energy for LISA. Thus, the choice 
of metal center identity is a crucial feature for the LISA ef-
fect in isostructural systems, with the degree of orbital 
overlap between the ligand and metal generating a higher 
or lower observed LISA effect.  

 

Conclusion 
We have investigated the light-induced switchable adsorp-
tion (LISA) phenomena within an isoreticular series of azo-
benzene-based metal-organic framework (MOF) materials. 
The mechanism of the LISA effect was studied using single-
crystal X-ray diffraction (SCXRD) of both the standard ma-
terial and under UV-light excitation, with the results show-
ing that the origins of the LISA effect occur through the lo-
calized N=N bond of the azobenzene-based linker thermally 
altering the host-gas interactions resulting in vibrationally 
induced ‘localized heating’. The effects of modifying the 
metal identity and the accessible orbitals for electronic en-
ergy dispersion were also investigated. The results showed 
a dramatic difference in efficiency dependent on the metal 
cluster involved with the greatest LISA effect present for the 
PCN-250-Al structure. Furthermore, the LISA systems’ in-
fluence on methane (CH4) and carbon dioxide (CO2) adsorp-
tion at both near ambient and high-pressure systems 
showed a noticeable reduction in adsorption upon UV-irra-
diation, indicating its usability for increasing the deliverable 
working capacity of the materials. The results demonstrate 
an alternative approach to increasing the working capacity 
of gas release, especially under high pressure. Finally, the 
phenomena of light-induced localized heating could provide 
a groundbreaking alternative approach to traditional ther-
mal regeneration of porous materials for gas release.    
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Caption: 

The mechanism and influencing factors of the UV light-triggered localized thermal response and light-

induced switchable adsorption (LISA) are investigated towards carbon dioxide and methane storage.  


