
L aboratory simulations of multicomponent ice mantles 
of protoplanetary discs performed at 10 K under ultra- 

high-vacuum conditions involve irradiation with ultraviolet 
or X-ray photons. The ice mantles for this study were pre-
pared on taking into account a more realistic ice config-
uration composed of two layers. Observation from space 
is compatible with these laboratory simulations of X-ray 
processing of realistic ice. 

Unique Rh2Sb nanorods were synthesized with surface- 
rough and surface-smooth attributes for the first time. The 
surface shape of the electrocatalyst is an important fac-
tor affecting the efficiency of NRR, which provides a new 
strategy for creating efficient NRR electrocatalysts. Jeffrey 
J. Urban recorded X-ray-absorption fine-structure (XAFS) 
spectra to investigate the local structure of ZIOS that does 
not significantly vary around the Zn2+ node in the ZIOS 
structure. Urban postulated that the framework expands 
to some extent on gradually inviting water molecules to 
“assimilate” themselves. 

A rapid defect- and desolvation-triggered lattice rearrange-
ment in a mesoporous metal-organic framework (MOF) 
material from a less crystalline (AlTz-53) to a porous isomer 
(AlTz-68) was revealed by powder X-ray diffraction struc-
tural analysis. Spin-state, charge-state, crystal-structure and 
metal-insulator transitions take place collectively in the 
same material system, PbCoO3, which was confirmed with 
an interesting phase diagram of the dependence on pres-
sure and temperature from the high-pressure resistance, 
XES, XAS and X-ray diffraction (XRD) results. X-ray absorp-
tion spectra present a method to bridge the gap of specific 
clarification of the local structure and oxidation state of 
metal centers under an operando mode. The first QXAFS 
scan of a solution of Pd(OAc)2 and P(p-Tol)3 in several sol-
vents was reported. This methodology will provide numer-
ous new opportunities for the optimization of catalysts in 
more complicated homogeneous catalytic reactions. (by 
Chen-Lin Liu)
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A stronomical observations performed with airborne 
telescopes, equipped with an infrared spectrometer, 

show absorption bands of volatile species in the solid phase 
and a broad absorption due to silicates. These spectra 
correspond to (sub)micrometer silicate dust in interstellar 
and protoplanetary environments. Here the dust tempera-
tures near 10 K allow the growth of an ice mantle on the 
dust grains, which is composed of simple species found to 
absorb in the infrared region, i.e., water (H2O) and smaller 
amounts of carbon monoxide (CO), carbon dioxide (CO2), 
methanol (CH3OH), methane (CH4), ammonia (NH3) and 
other molecules.

Laboratory simulations of multicomponent ice mantles 
performed at 10 K under ultra-high- vacuum conditions 
include irradiation with ultraviolet or X-ray photons. The 
irradiated ice samples are warmed to allow diffusion of the 
generated radicals and other reactive species. After subli-
mation of volatile components, an organic residue remains 
at room temperature. Such a residue contains a plethora 
of organic molecules of astrobiological interest; among 
them are amino acids, nucleobases, sugars, carboxylic acids 
etc. It is generally thought that such agglomeration of icy 
dust grains leads to formation of cometesimals and plane-
tesimals. Indeed, some meteorites contain similar organic 
species. Cometary missions such as Stardust and Rosetta 
detected glycine, acetamide and several other prebiotic 
species in comets that are readily formed in experiments on 
ice irradiation. Cometary and asteroid impacts on the early 
Earth delivered water and such organic species that likely 
contributed to the origin of life.

Protoplanetary discs
The formation of such complicated organic substances 
would have added value if it occurred in the gas surround-
ing a young solar-type star, implying that their synthesis 
would be coeval with the formation of planets in a proto-
planetary system. Star formation is a violent and chaotic 
event in which a gas flows in and is ejected outwards at 
speeds up to hundreds of km per second. This effect oc-
curs because the gravitational infall is locally opposed by 
thermal, turbulent and magnetic pressures, by dynamical 
outflows, and, as the parent cloud is rotating, by effects of 
angular momentum. As a consequence of all such compet-

Organic Chemistry in Space – X-ray Processing of a  
Realistic Ice Mantle
The absence of complicated species from the cold gas in protoplanetary disks, and the presence 
of abundant CO, HCO and H2CO and negligible CH3OH, is compatible with the simulated realistic 
ice with X-ray. The particularly small abundances of other COMs in the cold parts of the disk are 
formed in the ice bulk but not ejected into the gaseous phase. 

ing processes, the contracting cloud forms a swirling disc. 
Circumstellar discs are an inevitable consequence of the 
conservation of angular momentum during the formation 
of a star through gravitational collapse. Initially, discs rap-
idly funnel material onto the star but, as the surrounding 
molecular core is consumed or otherwise disperses, the 
rate of accretion decreases; only a small proportion of the 
original material persists in the disc. That these discs can 
be considered protoplanetary is apparent not only in the 
geometry of the Solar System but also in the large rate of 
detection of exoplanets. Observing discs around solar-type 
stars, we might catch a glimpse of the chemical evolution 
preceding the onset of life on our planet. Young solar-type 
stars emit X-rays at a level 3–4 orders of magnitude greater 
than the present-day Sun. For a 100-Myr-old star the X-ray 
flux is larger than the vacuum- and extreme-ultraviolet 
emission; their ratio remains within a factor two for stars 
as old as 1 Gyr. X-rays, being much more penetrating than 
ultraviolet radiation, might illuminate cold regions of a disc 
and, therefore, are a major agent in processing circumstel-
lar material. 

The molecular content of protoplanetary discs
The physical conditions in a protoplanetary disc vary great-
ly, with hot and dense regions of gas and dust near the 
star and much colder material at greater distances from 
it. In protoplanetary discs, the inner edge of the region at 
which the temperature falls below the condensation tem-
perature of a volatile substance is referred to as the snow 
line (for that species). Each volatile has a distinct location 
of snow line, water ice being nearest the host star, farther 
on CO2 and then CO. As a consequence, the ices within a 
disc are organized in a bi-layered structure of segregated 
polar (water-rich) and apolar (water-poor) components. 
The initial water-rich layer is thought to form early in the 
disc through hydrogenation of atomic oxygen. The bulk of 
solid CH4 and NH3 is likely also formed at this stage, through 
hydrogenation of carbon and nitrogen. As the disc gradu-
ally cools, free-flying molecules are removed from the gas, 
of which the main component (after volatile H2 not sticking 
to dust) is carbon monoxide. The formation of a layer of CO 
ice provides a feedstock for the formation of icy methanol 
through hydrogenation of CO. The birth of methanol marks 
the first generation of complicated species. 
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Fig. 1: Sketch of the bilayer ice experiment. (a) The bottom H2O:CH4:NH3 mixture covered by a layer of CO:CH3OH. (b) X-ray irradiation of the ice induc-
es a rapid destruction of CH3OH, leading to the formation of new species rather than its photodesorption. During the irradiation, a negligible 
desorption of CH3OH was detected, whereas CO and products such as HCO, H2CO and CO2 show the most intense desorption signals. Desorption 
from the bottom layer species was also detected. [Reproduced from Ref. 1]

The cold gas in protoplanetary discs seems to be devoid of 
complicated organic species (known as COMs in the astron-
omy jargon). Whereas CO, CO2, HCO and H2CO are typically 
abundant molecules in the cold zones of the disc, methanol 
or acetonitrile are found in only a few regions, and more 
complicated organic species are not observed. This effect 
is to some extent unexpected, as chemical and physical 
conditions in discs appear not so drastically different from 
those in other interstellar regions, in striking contrast with 
the analysis of meteorites and comets that are instead rich 
in complicated organic species.

Laboratory experiments using the right ingredients
The work, published in PNAS, extended a step further than 
previous experiments. Instead of mixing common volatile 
species in the ice sample, an analogue of ice mantles was 
prepared that took into account the more realistic ice con-
figuration composed of two layers. Indeed, hydrogenation 
of O, C and N on the bare dust surface produced a first layer 
of H2O, CH4, NH3 and other reduced species. On top there-
of, a second layer of species was formed in the gaseous 
phase and required lower temperatures to stick onto the 
dust, dominated by CO and CH3OH, the latter presumably 
formed by hydrogenation of CO in the ice. The source of 
radiation, soft X-rays, was provided by TLS 08B1 in NSRRC. 
These X-rays irradiating two layers in experiments led to 
either desorption of the ice molecules during irradiation 
or the destruction of molecules (Fig. 1).  As a result of this 
breakage, more COMs were formed. 

Comparison with the observed molecular distribution
Particular attention was paid to the desorption of mole-
cules during the irradiation, as this condition allows com-
parison with recent observations of protoplanetary disks 
using the Atacama Large Millimeter Array, ALMA. The 
absence or small abundance of complicated species from 
the cold gas in protoplanetary disks, and the presence of 

abundant CO, HCO and H2CO and negligible CH3OH, is 
compatible with this laboratory simulations of X-ray pro-
cessing of realistic ice. Moreover, these experiments offer an 
explanation of the particularly small abundances of other 
COMs in the cold parts of the disk, as they are formed in the 
ice bulk but not ejected into the gaseous phase. This find-
ing is supported by the rich chemical inventory identified 
in the disc around V883 Ori, a system in which a suddenly 
increased luminosity of the central star quickly expanded 
the snow lines into the disc, creating a “sublimation front”.

As the chemical implications of X-ray-rich environments are, 
so far, relatively unexplored, much more work remains to be 
done, and NSRRC will generate a fundamental and precious 
contribution. (Reported by Yu-Jung Chen and his collabora-
tors, National Central University)

This report features the work of Yu-Jung Chen, Angela  
Ciaravella and their collaborators, published in PNAS 117, 
16149 (2020).

TLS 08B1  BM – AGM
• XPS, XAS
• Materials Science, Chemistry, Surface, Astro-Physics
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Fig. 1: (a) Normalized XANES spectra and (b) Fourier transform of k2-weighted EXAFS spectra at the 
Rh K-edge of Rh powder, Rh2O3 powder, Rh2Sb RNR/C and Rh2Sb SNR. [Reproduced from Ref. 
1]

The Rougher the Better
The yield of ammonia is improved by controlling the surface shape of the electrocatalyst.

T he Haber-Bosch process is still the 
main method for mass produc-

tion of industrial ammonia (NH3). This 
chemical reaction involves hydrogena-
tion of nitrogen under high tempera-
ture and high pressure, for which the 
raw materials are hydrogen (H2) and 
nitrogen (N2). In the process of obtain-
ing hydrogen, much carbon dioxide 
is produced, thereby causing serious 
environmental issues. An important 
issue is hence to find another method 
for NH3 synthesis. Electrochemical N2 
reduction reaction (NRR) is an efficient 
and sustainable route to convert N2 to 
NH3. The NRR performance is restrict-
ed mainly by the poor adsorption and 
activation of N2 on catalysts because 
of the strong N≡N bond and low 
proton affinity of N2. There are several 
ways to improve the efficiency of the 
electrochemical NRR of electrocata-
lysts such as size control, composition 
regulation, defect engineering and 
ion incorporation, but the effect of 
surface shape of the electrocatalysts 
plays an important role in the NRR 
efficiency. So far, there is no evidence 
that the surface shape of an electro-
catalyst is an important factor affect-
ing the efficiency of NRR.

Xiaoqing Huang’s group from Wuhan 
University in China has synthesized 
surface-rough Rh2Sb nanorods (RNR) 
with high-index facets and surface- 
smooth Rh2Sb nanorods (SNR) 
through hydrothermal synthesis for 
electrochemical NRR. The NH3 yield 
rates of RNR and SNR are 222.85 ± 
12.96 and 63.07 ± 4.45 µgh-1 mg-1

Rh at 
-0.45 VRHE, respectively, which indicate 
the effectiveness of surface regulation. 

These workers also recorded X-ray- 
absorption fine-structure spectra at 
TPS 44A1 of NSRRC to investigate 
the local structure of RNR and SNR 
on an atomic scale. The Rh K-edge 
X-ray-absorption near-edge-structure 
(XANES) (Fig. 1(a)) spectra show the 
coexistence of Rh atoms as metal and 
in oxidation states; the oxidized Rh is 
dominant. Moreover, the energy shifts 
of the white-line absorption edge at 
the Rh K-edge between the RNR and 
SNR indicates that the valence state 
for Rh in RNR is lower than in SNR. The 
Rh K-edge extended X-ray-absorption 
fine-structure (EXAFS) spectra (Fig. 
1(b)) reveal the coordination number 
around Rh atoms in the RNR sample 
to be much smaller than in the SNR 
sample. These results indicate that Rh 
with unsaturated coordination would 
be more conducive to activation of 
small molecules resulting in an en-
hanced adsorption and activation of 
N2 on RNS samples.

In summary, in this work has been syn-
thesized unique Rh2Sb nanorods with 
surface-rough and surface-smooth 
for the first time. The yield rate of 
electrocatalytic NRR indicate that the 
surface shape of the electrocatalyst is 
an important factor affecting the ef-
ficiency of NRR. This finding provides 
a new strategy for creating efficient 
NRR electrocatalysts. (Reported by 
Chih-Wen Pao)

This report features the work of Xiao-
qing Huang and his collaborators 
published in Angew. Chem. Int. Edit. 
59, 8066 (2020).

TPS 44A  Quick-scanning X-ray 
Absorption Spectroscopy 
• XANES, EXAFS, In-situ/Operando
• Materials Science, Chemistry, Phys-

ics, Environmental Science

Reference
1. N. Zhang, L. Li, J. Wang, Z. Hu, Q. 

Shao, X. Xiao, X. Huang, Angew. 
Chem. Int. Edit. 59, 8066 (2020). 
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C opper is one of the most widely used heavy metals in 
the world, and is found in various water streams and 

food webs. It has an essential role in our physiology but is 
toxic to human beings when uptaken in large quantities. A 
copper imbalance can impact the hematopoietic function 
and lipid metabolism and cause inflammation. The World 
Health Organization suggests that the guideline value for 
copper is 2 mg/L, but the concentration of copper reported 
in drinking water can range from ≤ 0.005 to > 30 mg/L. It 
is hence important to seek a highly efficient way to remove 
copper from drinking water. ZIF-8, a zeolitic imidazolate 
framework, was recently reported to have an extremely 
high capacity for copper adsorption.1

Jeffrey J. Urban (Lawrence Berkeley National Laboratory, 
US) recently found that zinc imidazole salicylaldoxime su-
pramolecule (ZIOS), a hydrogen-bonded organic-inorganic 

framework, exhibits an excellent performance for copper 
removal, better than ZIF-8.2 ZIOS exhibits rapid adsorption 
kinetics, 30−50 times more rapid than ZIF-8. Urban record-
ed X-ray-absorption fine-structure (XAFS) spectra at TPS 
44A to investigate the local structure of ZIOS. According 
to the XAFS spectra (Fig. 1), copper adsorption does not 
significantly change around the Zn2+ node in the ZIOS 
structure. Urban postulated that the framework expands 
to some extent on gradually inviting water molecules to 
“assimilate” themselves into the framework through the 
propagation of a hydrogen-bonding network. To support 
this hypothesis, Urban studied the behaviour and stability 
of the ZIOS framework in an aqueous environment both 
computationally and experimentally, and found evidence 
that this exploration is essential to confirm such hopping 
behaviour. (Reported by Jeng-Lung Chen)

This report features the work of Jeffrey J. Urban and his col-
laborators published in Nat. Commun. 11, 3947 (2020).

TPS 44A  Quick-scanning X-ray Absorption  
Spectroscopy
• XANES, EXAFS, In-situ/Operando
• Materials Science, Chemistry, Physics, Environmental 

Science
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Fig. 1: Zn K-edge spectra of ZIF-8 and ZIOS before and after copper 
adsorption. [Reproduced from Ref. 2]

Removing Heavy-Metal Ions from Water
A nature-inspired hydrogen-bonded complex removes copper ion from water.
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Fig. 1: Lattice rearrangement in aluminium metal–organic frameworks 
within minutes. From a topological view, the three-dimensional 
net of sra topology in AlTz-53 can be interpreted as consisting of 
interconnected sql nets, whereas the triply periodic AlTz-68 can 
be viewed as consisting of interconnected kgm nets. [Reproduced 
from Ref. 1] 

T opological transitions between significantly different 
phases typically require extreme conditions to break 

chemical bonds collectively and to overcome the stress 
caused to the original structure on altering its correlated 
bond environment. Metal-organic frameworks (MOF) are 
nanoporous solids of a new class that have attracted much 
attention owing to their prospective applications. The 
tunable rigidity and dynamics have resulted in the develop-
ment of extensive applications in areas such as gas storage 
and separation, catalysis and drug delivery. Many flexible 
MOF typically undergo only volume and bond-angle  
changes while the topology and connectivity between 
clusters and linkers are maintained. In some cases, flexible 
behaviors of MOF typified by the coordination changes, 
such as ligand migration, can be observed after solvent 
adsorption or desorption or cluster metalation inside the 
structures. In these examples, the slippage degree and the 
distance of coordinating linkers have, however, been limit-
ed mostly to a small range within particular crystal features, 
resulting in only a slight change of pore size or shape. 
Larger changes to the crystal structures reported so far, i.e. 
notable topology and porosity variation, have been mostly 
irreversible.

Sue-Lein Wang (National Tsing Hua University), Kuang-Lieh 
Lu (Academia Sinica) and Chia-Her Lin (National Taiwan 
Normal University) have recently made a remarkable dis-
covery, successfully developing a structural transform from 
a disordered and less crystalline MOF (AlTz-53) with low 
porosity to a highly crystalline and porous isomer (AlTz-
68) within few minutes upon activation (through solvent 
exchange and desorption), resulting in a significantly 
increased framework crystallinity and surface area, from 
about 700 to 2700 m2/g.1 Spectrometric measurements 
show that this counter-intuitive lattice rearrangement 
involves a metastable intermediate with defect frameworks 
that results from solvent removal on coordinately unsat-
urated metal sites. After the lattice rearrangement, the 
resulting AlTz-68 shows sharper powder X-ray diffraction 
(PXRD) features at TPS 09A and TLS 01C2, indicative of 
enhanced crystallinity. This switch between less crystalline 
and more crystalline conditions between two topologically 
distinct MOF is shown to be reversible over a few cycles 
through activation and re-immersion in polar solvents  
(Fig. 1). 

The transformation of AlTz-68 was achieved on placing 
the samples within these solvents at 75 °C for 3 h, yielding 
defective AlTz-53. The transformation occurred also when 
the sample was left in these solvents at room temperature, 
but the conversion was much slower in this case, with the 
transformation to defective AlTz-53 at room temperature 
complete after one month in DMF. The cyclability of this 
atypical reversible rearrangement phenomenon was inves-
tigated. The AlTz-53-DEF as synthesized was washed with 
toluene three times and then immersed in toluene (3 mL) 
at room temperature. The sample was dried overnight un-
der vacuum at 125 °C and labelled as AlTz-68. This AlTz-68 
was then placed in DMF that was preheated to 75 °C for 3 h 
followed by centrifuging and filtering. The resulting pow-
der was dried in an oven at 90 °C overnight and labeled as 
AlTz-53-II. This AlTz-53-II was washed with toluene three 
times and immersed in toluene (3 mL) at room tempera-
ture. The sample was dried under vacuum at 125 °C and 
labelled as AlTz-68-II. As observed by PXRD, the materials 
underwent two desolvation-solvation cycles with no appar-
ent loss of crystallinity (Fig. 2).

Lin and his coworkers recently also developed a bioin-
spired encapsulation-rearrangement strategy to construct 
superhydrophobic mesoporous metal-organic framework 
systems by selectively modifying the external surface of 
an internal lattice-rearranged mesoporous MOF.2 The 

A Crystalline Open-Framework Transformation within 
Minutes
A rapid defect- and desolvation-triggered lattice rearrangement in a mesoporous metal-organic 
framework material was revealed by powder X-ray diffraction structural analysis.
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surface of a defective MOF with limited porosity named 
AlTz-53 is initially modified with hydrophobic alkyl chains 
through click reactions on the tetrazine groups. The internal 
framework subsequently undergoes a lattice rearrange-
ment upon solvent desorption, leading to a significantly 
improved internal porosity and material crystallinity. Func-
tionalizing the surface of AlTz-68 with octadecene (AlTz- 
68-C18) induces superhydrophobicity with water contact 
angle 173.6°. AlTz-68-C18 also exhibits one of the largest 
BET surface areas among all reported superhydrophobic 
framework materials.

In summary, the desorption-triggered domino rearrange-
ment of AlTz-53-DEF also exhibits a new paradigm for the 
design and preparation of novel copolymers, high-crystal-
line covalent organic frameworks and metal alloys from 
volatile precursors, wherein monomers or functional groups 
or other components could potentially enable the desorp-
tion-triggered domino rearrangement. (Reported by Chia-
Her Lin, National Taiwan Normal University) 

This report features the work of (1) Chia-Her Lin and his 
collaborators published in Nat. Chem. 12, 90 (2020); and (2) 
Chia-Her Lin and his collaborators published in Matter 2, 988 
(2020).

TPS 09A  Temporally Coherent X-ray Diffraction
TLS 01C2  SWLS – X-ray Powder Diffraction
• PXRD
• Porous Materials, Inorganic Chemistry, Environmental 
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Fig. 2: Characterization of a reversible transformation between AlTz-53 and AlTz-68. (a-b) Rietveld refinement of PXRD patterns for AlTz-53-DEF and 
AlTz-68 from a synchrotron source (λ = 1.0332 Å, measured from TLS 01C2). (c-f) PXRD patterns (λ = 1.5418 Å). [Reproduced from Ref. 1] 
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Fig. 2:  Co Kβ XES of PbCoO3 at varied pressures and room temperature; 
the inset shows the pressure dependence of IAD. [Reproduced 
from Ref. 1]

Fig. 1:  Schematic crystal structure of both A- and B-site-ordered PbCoO3 
(Pb2+Pb4+

3Co2+
2Co3+

2O12) quadruple perovskite with symmetry Pn-
3. The corner-sharing Co2+/Co3+O6 octahedra and isolated Pb4+O4 

squares are shown. [Reproduced from Ref. 1]

Sequential Spin-State Transition and Intermetallic Charge 
Transfer in PbCoO3 under High Pressure
The authors report for the first time that spin-state, charge-state, crystal structure and metal-insu-
lator transitions take place collectively in the same material system PbCoO3.

A lthough a spin-state transition and intermetallic charge transfer have received much attention in the past, these two 
phenomena were never found to occur together in a particular material. PbCoO3 synthesized at high pressure (12 GPa 

and 1323 K) provides a unique opportunity for this study by Jin-Ming Chen (NSRRC) and his international collaborators.1 
Figure 1 shows the schematic quadruple perovskite structure of both A- and B-site-ordered PbCoO3 (Pb2+Pb4+

3Co2+
2Co3+

2O12) 
quadruple perovskite with symmetry Pn-3, containing corner-sharing Co2+/Co3+O6 octahedra and isolated Pb4+O4 squares.

Figure 2 shows the pressure-dependent Co-Kβ X-ray emission spectra (XES) of PbCoO3 measured at SP 12U1, a Taiwan beam-
line at SPring-8 in Japan. The ratio of intensity of the low-energy Kβ' line to the main emission Kβ1,3 line is proportional to the 
number of unpaired electrons in the incomplete 3d shell and can serve to determine the spin state of Co ion as a function of 
temperature or pressure. With increasing pressure, the intensity of the low-energy Kβ' line decreases and almost disappears 
above ~15 GPa (Fig. 2), indicating a decreasing spin moment of Co2+ ion and a transition of Co2+ from high spin (HS) to low 
spin (LS). The inset of Fig. 2 contains a plot of the integrated absolute difference (IAD) as a function of pressure; this IAD value 
presents a linear relation with the average spin number. In PbCoO3, the total IAD changes by about 0.043 (10) with pressure 
increasing from 0.5 to 22.1 GPa.

Figure 3(a) shows the Co K-edge X-ray absorption spectra (XAS) of PbCoO3 measured at varied pressures and normalized 
intensity μ = 0.8. At pressures below 15 GPa or above 30 GPa one can see a weak linear shift of the absorption edge with 
increasing pressure. There is an abrupt shift to higher energy from 20.2 to 29.3 GPa accompanying a variation of spectral 
profile, indicating the changes of valence state and crystal structure. The observed Co K-edge energy shift in PbCoO3 indicates 
an average valence change about 0.5 (i.e., from Co2.5+ to Co3.0+ on average), as illustrated in Fig. 3(b) (right scale). To fulfil the 
requirement of charge balance, one expects some Pb4+ to change to Pb2+ correspondingly.

Figure 3(c) presents the pressure-dependent Pb L3-edge XAS of PbCoO3. The high-resolution Pb L3-edge partial-fluorescence- 
yield (PFY) XAS provides an opportunity to identify the valence state of Pb. As shown in Fig. 3(c), there is a sharp shoulder Sd 
at lower energy, 13,030 eV, in the PFY-XAS; this feature is assigned to the dipole-allowed transition from the 2p3/2 core level to 
the unoccupied 6s states. The spectral intensity of pre-edge peak Sd represents the number of 6s holes and can serve to deter-
mine the valence change of Pb as a function of pressure. The spectral integral area of Sd as a function of pressure is presented 
in Fig. 3(d). The intensity sharply decreasing with pressure increasing from 15 GPa to 30 GPa indicates the valence decrease 
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Fig. 3:  XAS of PbCoO3 measured at varied pressures and room temperature. (a) Co K-edge XAS at 
some representative pressures. (b) Relative energy shift of the Co K-edge as a function of 
pressure at normalized intensity μ = 0.8 after subtracting the background, and the va-
lence-state change of Co under pressure. (c) Pre-edge peak Sd in the Pb L3-edge  PFY-XAS. For 
comparison, the XAS collected at 0.5 GPa is shown for data recorded at varied pressure. (d) 
Integral area of Sd and valence-state change of Pb as a function of pressure. The dotted and 
dashed curve is for visual guidance. [Reproduced from Ref. 1]

Fig. 4:  Pressure- and temperature-dependent phase diagram of PbCoO3. The circle (○), cross (×) and 
square (□) respectively stand for the cubic, tetra-I, and tetra-II phases as determined from 
XRD measurements. The dashed curves show the approximate phase boundaries. [Repro-
duced from Ref. 1]

of Pb. Given the initial average valence state Pb2+Pb4+
3Co2+

2Co3+
2O12 of Pb3.5+ 

at lower pressure, the relative variation of the integral area of Sd indicates the 
change from Pb3.5+ to Pb3.0+. The Co K-edge (Co2.5+→ Co3.0+) and Pb L3-edge (Pb3.5+→ 
Pb3.0+) XAS thus confirm the Pb4+-Co2+ intermetallic charge transfer, which occurs 
about 15 GPa with a sharp change near 20 GPa and is complete about 30 GPa.

According to the high-pressure resistance, XES, XAS and X-ray diffraction (XRD) 
results, the authors obtained an interesting phase diagram of the dependence 
on pressure and temperature of PbCoO3 as shown in Fig. 4.1 i) Below ~20 GPa, 
the compound maintains the A- and B-site-ordered quadruple perovskite struc-
ture in cubic Pn-3 symmetry with charge combination Pb2+Pb4+

3Co2+
2Co3+

2O12 

(Pb3.5+Co2.5+O3 on average). The HS-LS 
transition is expected to be complete 
about 15 GPa. When that spin-state 
transition is complete, pressure-in-
duced intermetallic charge transfer 
begins between Co2+ and Pb4+ ions. 
ii) Between approximately 20 and 30 
GPa, metallization is observed due to 
the accumulated effect of the Pb-Co 
charge transfer near 300 K, strongly 
indicating the melting of the ordered 
low-spin Co2+ and Co3+ states into 
mixed Co2.5+ on average, consistent 
with a first-order structural phase 
transition to the tetra-I phase. The 
Pb4+-Co2+ intermetallic charge transfer 
still occurs in the tetra-I phase, making 
the LS-Co2+ state become oxidized to 
the LS-Co3+ state. iii) With pressure up 
to ~30 GPa at 300 K, the Pb-Co inter-
metallic charge transfer is complete, 
changing the charge combination to 
be Pb3.0+Co3.0+O3 on average. Because 
the charge transfer greatly changes 
the charge states and the electronic 
configurations for both Pb and Co ions, 
the compound experiences another 
first-order structure phase transition 
toward the tetra-II phase with a con-
siderable shrinkage of volume. In the 
tetra-II phase, all transition-metal sites 
are occupied with LS-Co3+ with spin 
moment = 0. In summary, the authors 
present the first example in which spin-
state, charge-transfer, crystal-structure 
and metal-insulator transitions occur 
collectively in the same material sys-
tem, PbCoO3, producing a series of 
intriguing variations and potential 
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X -ray-absorption fine-structure 
(XAFS) spectra are widely em-

ployed in heterogeneous catalysis, 
materials science, physics and related 
disciplines for the determination of 
element-specific electronic and local 
geometric structure, but XAFS has 
been less commonly used for the 
characterization of organometallic 
reagents and homogeneous catalysts, 
especially under reaction conditions 
(in situ or operando).

The team of Aiwen Lei and Yi-Hung 
Chen (Wuhan University, China) 

Fig. 1:  Plausible reaction mechanism for electrochemical oxidative aminocarbonylation of terminal alkynes.

explore the catalytic cycles, along with 
various spectroscopic techniques.

The detailed structural, dynamic and 
kinetic information (structure-reactiv-
ity relations) contributes to the the-
oretical basis for the optimization of 
a catalyst. A highly efficient catalytic 
system is extremely important for the 
environmental energy, pharmaceu-
tical and fine chemical industry. As 
shown in Fig. 1, two possible reaction 
paths for the palladium-catalyzed oxi-
dative amino-carbonylation of alkynes 
have been reported.1,2 All techniques 
used for mechanistic studies failed to 
provide structural information on the 
metal complexes and oxidation states 
during the catalytic cycle. 

Lei and his coworkers reported the 
first QXAFS scan of a solution of 
Pd(OAc)2 and P(p-Tol)3 in acetonitrile 
that was treated with phenylacety-
lene, n-butylamine and Et3N under 
a CO atmosphere. The spectrum has 
perfect overlap in both the X-ray ab-
sorption near-edge structure (XANES) 
(Fig. 3, blue line) and the extended 
 X-ray-absorption fine-structure 
(EXAFS) spectra (Fig. 2(a), blue line) 
with experiment ex situ (the solution of 
Pd(OAc)2, P(p-Tol)3 and n-butylamine 

Hard X-ray Spectroscopy: Verification of the Active  
Species in Pd-Catalyzed Reactions
Rapid-scanning X-ray-absorption fine-structure spectra revealed the catalytic path of a palladi-
um-catalysed oxidative carbonylation reaction under electrochemical conditions.

applications in lattice, charge, spin and orbital degrees of 
freedom. (Reported by Jin-Ming Chen)

This report features the work of Jin-Ming Chen and his col-
laborators published in J. Am. Chem. Soc. 142, 5731 (2020). 
This paper was selected as a cover of issue 12.

SP 12U1  IXS
• XES, PFY-XAS
• Materials Science, Chemistry, Condensed-matter Physics

devoted the use of the quick XAFS 
(QXAFS) technique at TPS 44A to 
study the structure of key intermedi-
ates (coordination, oxidation state, 
electronic structure and geometry) of 
transition-metal catalysts in cross-cou-
pling reactions. Three key features 
of their projects follow. (1) The cus-
tom-made reaction cell was designed 
for reactions to demonstrate the 
laboratory procedures on the beam-
line. (2) Time scale ms or μs is required 
for the study of fractional composition 
of these species during experiments 
in situ. (3) QXAFS was used mainly to 

Reference
1. Z. Liu, Y. Sakai, J. Yang, W. Li, Y. Liu, X. Ye, S. Qin, J. M. 

Chen, S. Agrestini, K. Chen, S.-C. Liao, S.-C. Haw, F. 
Baudelet, H. Ishii, T. Nishikubo, H. Ishizaki, T. Yamamoto, 
Z. Pan, M. Fukuda, K. Ohashi, K. Matsuno, A. Machida, T. 
Watanuki, S. I. Kawaguchi, A. M. Arevalo-Lopez, C. Jin, 
Z. Hu, J. P. Attfield, M. Azuma, Y. Long, J. Am. Chem. Soc. 
142, 5731 (2020).
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 with or without Et3N; Fig. 2(a), red and green lines).3 As soon as the amines were added to the solution of the palladium 
complex, the changes at the palladium center occurred, indicating that primary amines influence the structure of the palladi-
um complex at an early stage. The EXAFS spectra did not match with the first QXAFS scan (Fig. 2b, blue line) when the phe-
nylacetylene was added to the solution without n-butylamine (Fig. 2b, orange line). 

Fig. 2:  XAFS Studies. (a) Fourier-transformed EXAFS 
spectra of experiments ex situ in the presence 
of n-BuNH2, k2-weighting, FT range: 3 Å-1 < k < 
13 Å-1 Hanning window, dk = 0.5. (b) Fourier- 
transformed EXAFS spectra of experiments 
ex situ in the presence of phenylacetylene, 
k2-weighting, FT range: 3 Å-1 < k < 13 Å-1 
Hanning window, dk = 0.5. (c) Fourier- 
transformed EXAFS spectra as a function of 
time showing the coordination environment 
of Pd. (d) Normalized Pd K-edge XANES of 
QXAFS experiments. (e) Pd K-edge EXAFS 
k2-weighted fitting on R space of first scan 
and corresponding k-space data (inset) (3 Å-1 
< k < 12.5 Å-1 and 1.00 Å < R < 2.27 Å). [Repro-
duced from Ref. 3]
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Fig. 4:  Proposed structure of Pd complex using EXAFS structure 
fitting. [Reproduced from Ref. 3]

nBu
H2N   Pd   P(p-tol)3

OAc

OAc

The reaction was monitored using the Pd K-edge as 
shown in Fig. 2(c). When the reaction mixture was 
stirred at room temperature, XANES (Fig. 2(d)) and 
EXAFS data (Fig. 2(c)) revealed Pd(II) reduction and the 
formation of a Pd(0)–Pd(0) bond. It is noteworthy that 
the spectral changes occurred concurrently with the 
corresponding formation of 2-ynamide. The fitted data 
of the first QXAFS scan revealed that the Pd coordination 
environment should be 3 × Pd–N/O (2.05 Å) and 1 × 
Pd–P (2.30 Å) (Fig. 4). The last QXAFS spectrum indicated 
the formation of a Pd(0)–Pd(0) bond through reductive 
elimination and the formation of palladium clusters or 
nanoparticles under the reaction conditions without 
electric current (Fig. 2(c)).

In summary, this work demonstrates that an ideal model 
of mechanistic studies mainly relied on investigations of 
potential intermediates. X-ray absorption spectroscopy 

Fig. 3:  Normalized Pd K-edge XANES of experiment ex situ. 
 [Reproduced from Ref. 3]

represents a method to bridge the gap of specific clarifica-
tion of local structure and oxidation state of metal centers 
under an operando mode. That condition will provide nu-
merous new opportunities for the optimization of catalysts 
in more complicated homogeneous catalytic reactions. 
(Reported by Yi-Hung Chen, Wuhan University, China)

This report features the work of Aiwen Lei, Yi-Hung Chen 
and their collaborators published in Nat. Catal. 3, 438 
(2020).

TPS 44A  Quick-scanning X-ray Absorption  
Spectroscopy
• XANES, EXAFS, In-situ/Operando
• Materials Science, Chemistry, Physics, Environmental 
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