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T he discovery of emergent quantum materials has 
revolutionized the physics of low-dimensional systems 

and led to new nanoscale device applications. In this year’s 
section on Physics and Materials Science, benefiting from 
the superb physical properties of novel materials, we re-
port novel studies that provide deep insight into various 
materials with the potential to build electronic devices 
for quantum computing. This section includes reports on 
transition-metal dichalcogenides (TMD) with novel func-
tional heterojunctions that can be a new candidate mate-
rial for building spintronic devices, and a new combination 
of heteroepitaxial Pr0.5Ca0.5MnO3/SrTiO3 films grown on 
F-mica that exhibit atypical colossal magnetoresistance 
(CMR) with mechanical modulation. In addition, a complete 
picture of the quantum-size effect (QSE) with a new class 
of size effects reports on nanoscale transport in systems 
with metallic surface states, typical of topological materi-
als. Another fascinating example included in this section 
discusses precisely controlled kinetics of crystallization in a 
benchmark FAPbI3-based perovskite material that is used to 
make solar cells with enhanced efficiency, more than 23%. 
These results exhibit not only valuable insights into atypical 
physical properties but also provide opportunities for their 
applications in electronic devices. (by Ashish Atma Chainani 
and Cheng-Maw Cheng)
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Control of Nanoscale Transport with a Novel Size Effect
From an emergence of quantization on a nanometer scale, the QSE allows flexible control of mat-
ter and is a rich source of advanced functionalities. A complete picture of the QSE with a new class 
of size effects can dominate the nanoscale transport in systems with metallic surface states, typical-
ly topological materials.

Fig. 1: Direct observation of a QSE-induced metal-insulator transition. (a,b) Schematic of the metal-insulator transition in a Bi nanofilm. (c) Bulk and sur-
face Brillouin zone of Bi in direction [111]. (d) Bi bulk band structures calculated around the hole and electron pockets with a tight-binding meth-
od. (e) Band structures obtained from a tight-binding calculation for a Bi(111) slab (14 BL). (f,g) Experimental Fermi surfaces and band structures 
measured on a Bi(111) film (14 BL) grown on a Ge(111) substrate. Shaded areas in (e) and solid curves in (g) show the calculated bulk projections. 
(h,i) Experimental band structures magnified inside dashed and solid boxes in (g), respectively, for each thickness. [Reproduced from Ref. 1]

Q uantized electronic states generated by the quantum size effect (QSE) in nano-confined systems enable a unique tun-
ability for a wide range of phenomena such as superconductivity, light-matter interaction and non-equilibrium carrier 

dynamics. Modulations of the bandgap and the density of states further improve functionalities in catalysts and information 
devices. A QSE-induced transition into an insulating phase in semi-metallic nanofilms was predicted for bismuth a half cen-
tury ago and has reignited interest with regard to its surface states exhibiting non-trivial electronic topology. In the case of a 
system having metallic surface states as typically observed in topological materials, the transition is marked by the disappear-
ance of conducting channels in the film interior; thereafter, electric current flows only through the surfaces. This transition 
was first predicted a half century ago for bismuth (Bi). A Bi single crystal is a typical semimetal with small carrier pockets and 
three-dimensional Dirac dispersions. Moreover, because of a large spin-orbit coupling, Bi surfaces host spin-polarized metallic 
states that have been intensively examined in the context of electronic topology. The QSE-driven metal-insulator transition 
in Bi nanofilms originally received great attention as a nanoscale path to achieve a substantial thermoelectric figure of merit, 
and is now of interest to enhance surface-state-induced exotic phenomena. Evidence of the metal-insulator transition in Bi 
films was obtained only in this decade through transport measurements on epitaxially grown samples. A recent angle- 
resolved photoemission spectroscopy (ARPES) measurement on Bi films furnishes a clear contrast to the transport results 
showing only the interior-insulating phase below a threshold thickness. Although this strange contradiction between metal-
lic and insulating signatures observed in completely the same system implies the presence of an intriguing mechanism, essen-
tial quantization information was lacking in previous experiments.



010 ACTIVITY REPORT  2020

To solve the contradiction existing in transport and ARPES results, Suguru Ito and Iwao Matsuda from the University of Tokyo, 
Japan, Shu-Jung Tang from National Tsing Hua University, Cheng-Maw Cheng from NSRRC and their teams investigated the 
evolution of the electronic structure of high-quality Bi nanofilms. With high-resolution ARPES measurements at TLS 21B1, 
these authors performed a detailed and systematic study of the electronic structure of Bi nanofilms of varied thickness; they 
reported the first direct observation of a QSE-induced metal-insulator transition. As shown in Fig. 1, the visualization of an 
anomalous level evolution contrasted with tight-binding simulations to highlight an additional mechanism beyond a simple 
QSE. In addition, an unexpected degeneracy of the top two quantized energy levels detected from ARPES completely breaks 
a standard quantization rule. This tendency is totally opposite a well known effect of hybridization between top and bot-
tom surface states and reconciles a contradiction among previous experiments in an unprecedented manner. An important 
question is the nature of the central mechanism responsible for the anomalous behaviors. To combine with density function 
theory (DFT) and the ARPES result, these typical modulations of quantized bulk states can be fully explained only when we 
consider the deformation of a quantum confinement potential, which is triggered by enhanced effects of Coulomb repulsion 
with decreasing system size, centering on a size-independent contribution from the surface states.

In summary, Ito and Matsuda systematically revisited the strange contradiction among recent studies on the metal-insulator 
transition in Bi films. They revealed an unexpected mechanism of the transition by high-resolution ARPES combined with DFT 
calculations. Anomalous evolution and a degeneracy of quantized energy levels indicate that the increased Coulomb repul-
sion from the surface states deforms a quantum confinement potential with decreasing thickness. The potential deformation 
strongly modulates the spatial distributions of quantized wave functions, which leads to an acceleration of the transition 
beyond the original QSE picture. Their presented study not only solves a serious controversy about a transition discussed for 
half a century but also introduces a novel size effect that can be universally present in a system with metallic surface states, 
typically topological materials.1,2,3 (Reported by Cheng-Maw Cheng)

This report features the work of Suguru Ito, Iwao Matsuda and their collaborators published in Science Advances 6, eaaz5015 
(2020).
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A fter the discovery of graphene, monolayer MoS2—a 
layered van der Waals semiconducting transition- 

metal dichalcogenide (TMD)—has emerged as another two- 
dimensional (2D) material prototype, which can be ob-
tained by ex-situ exfoliation or in-situ chemical vapor depo-
sition (CVD). Bulk MoS2 has an indirect bandgap, which 
becomes a direct bandgap when its thickness decreases to 
a monolayer. Moreover, because of the strong spin-orbit 
coupling and the absence of inversion symmetry in the 
monolayer regime, spin splitting arises at the boundaries 
of the surface Brillouin zone, specifically, at points K and 
-K, to conserve the time-reversal symmetry. Such a unique 
band structure provides a possibility to encode information 
through the material valley pseudospin. Valley-based elec-
tronics is described as valleytronics, a name inspired after 
another famous field, spintronics.

Building Spintronic Devices with Functional  
Heterojunctions
Magnetic anisotropy is a material preference that involves magnetization aligned along a specific 
direction and provides a basis for spintronic devices. Clarifying the ferromagnetic behavior in 2D 
materials can provide a knowledge that is required to build functional heterojunctions in the future.

MoS2 can serve also as a spacer in a spin-valve device to 
exploit its semiconducting nature and its stable spin polar-
ization in the out-of-plane direction. A MoS2-based het-
erostructure is encouraging, but the large discrepancy in 
magnetoresistance between measurement and prediction 
indicates that we have yet to identify all factors relevant to 
the spin-dependent transport in TMD-based spin valves. A 
direct investigation of the fundamental magnetic proper-
ties of ferromagnetic (FM)–TMD heterojunctions is believed 
to be informative but remains scattered. An experimental 
study of a Fe/MoS2 heterojunction found, however, that 
deposited Fe aggregates into nanoparticles with no sign 
of magnetic coupling to MoS2. Co/MoS2 was suggested to 
be different, based on a prediction of calculations from first 
principles, because the energetically favored Co-S bonding 
at the Co/MoS2 interface would lead to a spin imbalance on 
the MoS2 side.

Fig. 1: XMCD. (a) Schematic diagram describing the principle of XMCD. (b) Schematic diagram illustrating the experimental setup. (c) XMCD image of co-
balt (9 ML) on monolayer MoS2. The inset shows the direction of incident light. (d) The corresponding m-XAS of regions A and B, the positions of 
which are marked in (c), are shown. The bottom spectrum illustrates the asymmetric nature of spectra A and B, that proves the grey-scale contrast 
in (c) to be a consequence of the XMCD effect. [Reproduced from Ref. 1]
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To solve the contradiction between experiment and the 
prediction of calculation from first principles, Der-Hsin Wei 
(NSRRC), Yann-Wen Lan (National Taiwan Normal Universi-
ty) and their teams investigated the magnetic domain con-
figuration and chemical states of Co/MoS2 with a photo-
emission electron microscope (PEEM) end station located at 
TLS 05B2. An ultrathin film of Co was deposited onto flakes 
of SiO2-supported monolayer MoS2. The spatial distribution 
of the photo-emitted electrons under the X-ray magnet-
ic-circular-dichroism (XMCD) effect was resolved with the 
PEEM, allowing the observation of magnetic domains in the 
Co layer. The authors extracted two micro-area spectra in 
the photoemission image according to their intensity vari-
ation as a function of photon energy. Wei and Lan found 
that the recorded spectra showed a typical XMCD signa-
ture-opposite enhancement at Co L3 and L2 resonances in 
Fig. 1(c) that has indeed a magnetic origin.

Their next task was to examine the relevance of the MoS2 
crystalline structure for the domain formation. With careful 
control of the degree of crystallinity in monolayer MoS2, 
they adjusted the lateral dimensions of the magnetic 
domains from tens of micrometers to sub-micrometers. 
Because CVD-grown triangular MoS2 flakes are typically 
treated as a single crystalline grain, and as the edge of the 
grain is in either an armchair or a zig-zag configuration, 
they found that well defined crystallinity in the MoS2 layer 
would not only promote the magnetization alignment in a 
Co layer but also affect how the domains are divided. 

In summary, Wei and Lan studied the magnetic domain 
configuration and chemical states of Co/MoS2. They con-
firmed that an ultrathin Co film deposited on monolayer 
MoS2 can form ferromagnetic domains of micrometer size. 
Furthermore, the magnetization and the boundaries of 
domains have preferred directions or paths that are parallel 
to either the zig-zag or the armchair directions of the MoS2 
crystal structure. According to the evidence from X-ray 
photoelectron spectra of charge donation at Co/MoS2, they 
suggested that the orbital hybridization at the interface 
is what distinguishes the magnetic properties of Co/MoS2 
here and Fe/MoS2 reported earlier. Their work clarifies the 
puzzle existing from previous experiments and calculations, 
and provides micro-magnetic and micro-spectral evidence 
that consolidates the knowledge required to build func-
tional heterojunctions based on 2D materials. (Reported by 
Cheng-Maw Cheng)

This report features the work of Der-Hsin Wei, Yann-Wen 
Lan and their collaborators published in Nanoscale Horiz. 5, 
1058 (2020).

TLS 05B2  EPU – PEEM
• XPS
• Materials Science, Condensed-matter Physics

Reference
1. C.-I Lu, C.-H. Huang, K.-H. Ou Yang, K. B. Simbulan, K.-S. Li, 

F. Li, J. Qi, M. Jugovac, I. Cojocariu, V. Feyer, C. Tusche, M.-
T. Lin, T.-H. Chuang, Y.-W. Lan, D.-H. Wei, Nanoscale Horiz. 
5, 1058 (2020).



Physics and Materials Science 013

Two Steps Are Better than One 
Using grazing-incidence wide-angle X-ray scattering, researchers have studied the precisely con-
trolled kinetics of crystallization of a benchmark FAPbI3-based perovskite film with sequential 
A-site doping of Cs+ and GA+; the results show how a process of two steps instead of a single step 
yields higher-quality perovskite solar cells with enhanced efficiency of 23%.

P erovskite solar cells (PSC) typically consist of a hybrid organic-inorganic lead or tin-halide-based material as a light- 
harvesting active layer, and have become increasingly important because of power-conversion efficiencies (PCE) over 

25% in recent times. Whereas the first MAPbI3-based (MA = methyl ammonium; CH3NH3) PSC were fabricated via a one-step 
spin-coating process in 2009,1 subsequent reports showed the importance of a two-step method2 as well as an anti-solvent- 
assisted one-step method to improve PCE.3 On the other hand, replacing MA cations with FA cations (FA = formamidinium, 
(CH(NH2)2

+) also showed that PCE improved up to 19%.4 Recent studies have shown that doping the A-site  with cations 
such as Cs+, Rb+ and guanidinium (GA+; (C(NH2)3

+)) has resulted in further improvements with decreased defect densities and 
non-radiative recombination.5

It has been reported earlier that the kinetics of crystal growth of the one-step process is complicated and sensitive to time, 
as it generally involves a dynamic competition between multiple phases and intermediate phases.6 Similar studies on the 
two-step process, specifically addressing the sequential A-site doping, have, however, not been reported in the literature. To 
understand the mechanism of formation of a perovskite film, researchers have now undertaken a systematic set of time- 
resolved grazing incidence wide-angle X-ray scattering (GIWAXS) in-situ experiments at the small- and wide-angle X-ray 
scattering (SWAXS) beamline, TLS 23A1 of NSRRC.7 The wavelength of the X-rays was 1.240 Å (energy 10 keV); the scattered 
signals were collected with a C9728DK area detector, which was placed at distance ≈ 169 mm from the sample. The distance 
from sample to detector was calibrated with a lanthanum hexaboride (LaB6) sample. The spin-coating and annealing proce-
dures were conducted with a custom-built spin-coating chamber and a remotely controlled hotplate chamber.

As shown schematically in Fig. 1, in experiments undertaken in the first step, a PbI2 layer is deposited by spin-coating a PbI2 
precursor solution, followed by thermal annealing at 70 °C. For experiments in the second step, a solution of propanol-2 (IPA) 
containing organic salts (formamidinium iodide (FAI), methylammonium bromide (MABr) and methylammonium chloride 
(MACl)) was injected onto the PbI film through a motorized syringe on top of the film formed in the first step. This treatment 
creates a perovskite film through the interdiffusion of PbI2 and organic salts. The entire process was monitored with GIWAXS. 
The spinning speed of both steps was maintained at 1500 rpm, which is the same value as in the device fabrication, thus 
representing the actual conditions used to make real devices.

Fig. 1: Schematics of two-step fabrication and synchrotron-based GIWAXS measurements in situ. (a) Two-step fabrication of perovskite films doped with 
Cs+ and GA+ during the first and second steps, respectively. (b) Sketch of a map of synchrotron-based GIWAXS measurements in situ. [Reproduced 
from Ref. 7]
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Fig. 2: Time-resolved analysis of a GIWAXS profile during the first step. (a,b) False-color intensity maps versus wavenumber q and frame numbers for 
PbI2 without Cs+ during  spinning (a) and annealing (b). (c) Corresponding temporal evolutions of peak areas of the PbI2-DMF-DMSO intermediate 
phase and the PbI2 phase. (d,e) False-color intensity maps for a film with Cs+ (5%) during spinning (d) and annealing (e); (f) corresponding tempo-
ral evolutions of the peak areas of PbI2 and  δ-CsPbI3 phases. [Reproduced from Ref. 7]

Fig. 3: Analysis of formation of a perovskite film during the second step. (a–c) The GIWAXS intensity profiles for perovskites without doping (a), with Cs+ 
(5%) (b), and with Cs+ and GA+ (c), respectively. (d–f) Corresponding false-color intensity maps versus q and frame numbers; (g–i) temporal evolu-
tions of peak areas of intermediate, PbI2, δ-CsPbI3 and perovskite phases. [Reproduced from Ref. 7]
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The authors demonstrated a precise control of the forma-
tion of a perovskite film in a two-step spin-coating process 
on performing sequential A-site doping of Cs+ and GA+ 

cations in FAPbI3-based perovskites.7 As is well known, the 
growth of the films involves manifold crystallization paths 
that thereby lead to distinct film morphologies, as unveiled 
by GIWAXS measurements in situ. In an undoped film, the 
two-step process was found to decouple effectively the 
crystal nucleation and the crystal growth, as the hexagonal 
PbI2 formed in the first step essentially provides the nu-
cleation sites (Fig. 2) for further growth of the perovskite 
α-phase in the second step (Fig. 3). Remarkably, the results 
also showed that the doping of Cs+ cations induces the 
formation of a δ-CsPbI3 phase and restrains the crystalliza-
tion of PbI2. In addition, the authors undertook calculations 
with density-functional theory (DFT) that indicated that the 
transition to the α-phase is preferentially initiated from the 
δ-CsPbI3 phase instead of PbI2, as the reaction enthalpy in a 
Cs-rich environment gets reduced. The δ-CsPbI3 phase thus 
offers an alternative phase-transition path to the perovskite 
α-phase: although the sparse nucleation sites of δ-CsPbI3 
cause the growth of large grains, it also leads to the forma-
tion of many pin-holes caused by the non-uniform nucleation. 

The authors showed, however, that this problem could be 
solved on doping GA+ cations in the second step, which 
noticeably accelerated the crystal growth and resulted 
in large grains free of voids via Ostwald ripening and en-
hanced grain-boundary migration (Fig. 3). This observation 
was also rationalized with DFT results, which showed that 
GA+ balances the bonding stress caused by the Cs doping, 
through an increased bonding strength with Pb–I octa-
hedral frameworks. Most importantly, the authors also 
showed that, using the perovskites fabricated through the 
sequential doping of Cs+ and GA+, device efficiencies over 
23% were achieved, through the improved morphology, 
enhanced crystallinity and fewer defects in the films.7

The present work thus revealed an unprecedented advan-
tage of the two-step process over the one-step process: the 
two-step process decouples nucleation and crystal growth 
and offers sequential doping for a precise control of the 
growth of a perovskite film toward highly efficient devices.  
(Reported by Ashish Chainani)

This report features the work of Shuxia Tao, Xinhui Lu and 
their coworkers published in Adv. Mater. 32, 2004630 
(2020).

TLS 23A  IASW – Small/Wide Angle X-ray Scattering
• Time-resolved Grazing-incidence Wide-angle X-ray Scat-

tering In Situ
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H eteroepitaxial flexible oxides exhibit many interest-
ing properties that make them strong candidates for 

next-generation flexible electronic devices.1-5 Recent stud-
ies have shown that fluorophlogopite mica (F-mica, also 
called common mica or muscovite) is a suitable substrate 
for growing such heteroepitaxial oxides because of its 
excellent flexibility and high-temperature stability required 
for applications. For example, superior performance was 
demonstrated for transparent conductive indium tin oxide,2 
aluminium-doped ZnO,3 ferroelectric BaTiO3,4 ferromagnet-
ic SrRuO3,5 etc. grown on F-mica substrates.

Perovskite manganite Pr0.5Ca0.5MnO3 (PCMO) in its bulk 
form exhibits an antiferromagnetic/charge-ordered (AFM/
CO) phase that can be melted on the application of a mag-
netic field, but the melting field required for bulk samples is 
large (~27 T), impeding practical applications. A major im-
provement was the growth of PCMO films on SrTiO3 (STO) 
substrates, which resulted in decreasing the melting field to 
5 T. With the aim of investigating mechanical control of the 
properties of the PCMO/STO heteroepitaxial oxide system, 
researchers have now grown PCMO/STO heteroepitaxial 
films on F-mica.1

Fig. 1: (a) Schematic graph of epitaxial structure of PCMO/F-mica and (b) enlarged surficial region showing a nanocolumn structure. XRD analyses of  
PCMO/F-mica including (c) normal scan of (00L) series of F-mica with PCMO (111) and (222), (d) omega scan of PCMO (111), (e) phi scans of F-mica 
(202), STO (002), and PCMO (002) and (f) Reciprocal-space mapping of F-mica (202) with STO (002) and PCMO (002). [Reproduced from Ref. 1]

The authors used pulsed-laser deposition to grow a buffer 
STO layer on F-mica, followed by PCMO films on the STO, as 
shown schematically in Figs. 1(a) and 1(b). Synchrotron- 
based X-ray diffraction was implemented on TLS 13A1 and 
TLS 17B1 at the NSRRC in order to characterize the crystal 
structure and epitaxy of the PCMO/STO films. The out-of-
plane normal scan clearly showed the pristine phase of 
PCMO, STO and F-mica substrate with only signals in the 
(111) series of PCMO and STO appearing, along with (00L) 
signals of F-mica (Fig. 1(c)). Further, as shown in Fig. 1(d), 
the omega scan of PCMO exhibited full width 0.72° at half 
maximum, indicating crystallinity of the PCMO layer better 
than in earlier work. Phi scans were also employed by the 
authors to study the in-plane structural quality of the films. 
Figure 1(e) shows that signals corresponding to PCMO 
(002), STO (002) and F-mica (202) were detected every 60°, 
showing well aligned six-fold symmetry, confirming the ex-
cellent heteroepitaxy. XRD reciprocal-space mapping (RSM) 
of PCMO (002), STO (002) and F-mica (202) signals agreed 
with the results from the Phi scans, indicating strain-free 
films of PCMO and STO layers consistent with the normal 
scan data. 

016 ACTIVITY REPORT  2020

Bending a Colossal Magnetoresistance 
A new combination of heteroepitaxial Pr0.5Ca0.5MnO3/SrTiO3 grown on F-mica, shows that excellent 
mechanical modulation of CMR, in the range ~1000%, can be achieved at low temperature. 



The authors then used X-ray 
absorption spectra (XAS) in situ at 
TPS 45A1 to determine the valence 
state of the Pr and Mn ions in the 
heteroepitaxial films. Figure 2(a) 
shows the isotropic Pr M4,5 XAS from 
the PCMO layer measured at 300 K 
with that of Pr2O3, a standard Pr3+ 
reference sample. The similar spectral 
features of the PCMO film and Pr2O3 
indicate that Pr ions in the PCMO layer 
are trivalent. Figure 2(b) shows the 
isotropic Mn L2,3 XAS of the PCMO 
layer and a reference MnO bulk crystal 
that were measured concurrently in 
an upstream chamber. As the MnO 
(Mn2+) spectrum differs from that of 
the PCMO layer and the signal of MnO 
of least energy is observed at 639 eV, 
it showed that PCMO is free of Mn2+ 

ions. Further, a direct comparison with 
the Mn L2,3 spectra reported earlier for 
PCMO and La0.5Sr0.5MnO3 (Fig. 2(b)) 
showed a clear similarity between 
the spectrum of PCMO and those 
of well characterized bulk PCMO 
and La0.5Sr0.5MnO3. The results thus 
confirmed that the PCMO thin film 
consisted of 50% Mn3+and 50% Mn4+ 
ions, as expected from the nominal 
stoichiometry. 

The authors also discussed the me-
chanical modulation of the transport 
properties as shown in Figs. 3(a) 
and 3(b), which show the flex-in and 
flex-out mode magneto-transport 
measurements with bending radius 
5 mm of inward/outward. On appli-
cation of the two flexible modes, the 
melting fields in both cases appeared 
at magnetic field 5 T. Interestingly, the 
metal-insulator transition tempera-
ture TMI shifted upward in the flex-in 
mode and downward in the flex-out 
mode. The results clearly showed 
that the colossal magnetoresistance 
(CMR) properties of PCMO can be 
modulated by mechanical bending. 
Figure 3(c) shows a summary of 
the magneto-transport results. The 
authors observed a large bending-
controlled modulation of the CMR 
ratio, (R-R0)/R × 100%, achieving 
nearly 1000% at 110 K. Furthermore, 

to demonstrate a validity for practical 
applications, detailed bending tests 
were performed at room temperature, 
for which the data exhibited nearly 
30% resistive tunability (Fig. 3(d)); 
the resistive tunability is calculated as 
(R-R0)/R0 × 100%. Cycling tests were 
also measured to show the endurance 
of PCMO/F/mica properties. The 
overall results showed excellent 
stability under both flex-in and flex-
out modes at bending radius 5 mm 
for the PCMO/STO heteroepitaxial 
films grown on F-mica.1 (Reported by 
Ashish Chainani)

This report features the work of Ying-
Hao Chu and his co-workers published 
in Adv. Funct. Mater. 30, 2004597 
(2020).

TLS 13A1  SW60 − X-ray Scattering
• XRD
• Materials Science, Condensed-matter 
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TLS 17B1  W200 − X-ray Scattering
• XRD
• Materials Science, Condensed-matter 

Physics
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Fig. 2: X-ray absorption spectra of a) M-edge of Pr and b) L-edge of Mn of PCMO/STO on F-mica 
substrates. [Reproduced from Ref. 1]

Fig. 3: Temperature-dependent resistance of a PCMO film on F-mica with (a) flex-in mode and (b) 
flex-out mode. (c) Temperature-dependent CMR ratios of a sample (thickness 1000 nm) with 
the flat, flex-in and flex-out modes. (d) Bending-radius-dependent resistive tunability at 
room temperature. [Reproduced from Ref. 1]
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Skyrmions at Room Temperature
The temperature range in which the skyrmion phase of Cu2OSeO3 is stabilized has been significantly 
enhanced from a small range, 55−58.5 K, to a large range, 5−300 K, on applying pressures up to 
42.1 GPa.

A skyrmion state is a special state 
observed in non-centrosymmetric 

helimagnets that exhibit topolog-
ically protected spin textures. The 
skyrmion state is considered prom-
ising for information technology, 
ultrarapid spintronics and microwave 
devices because an extremely small 
current is required to modify its spin 
configuration. To facilitate skyrmion 
applications, one great challenge is 
to expand the region of magnetic 
field–temperature phase space of the 
skyrmion state. Researchers have now 
found that the temperature region for 
the skyrmion phase in bulk Cu2OSeO3 
can be greatly enhanced under ap-
plied physical pressure.1

The authors prepared single crystals 
of Cu2OSeO3; after characterizing the 
structure at ambient pressure, they 
measured χ’ac (H)T,P as a function of 
H at varied P up to 42.1 GPa and T 
up to 300 K, as shown in Fig. 1. The 
H–T regions in which the skyrmion 
state occurs at selected pressures, 
for example 2.5, 7.9, 26.2 and 42.1 
GPa, are shown in Figs. 1(a)–1(d), 
respectively. Figure 1 clearly shows 
that the temperature region (TA1,T A2) 
for skyrmions (red shaded areas), or 
ΔT ≡ (TA2−TA1), has been expanded 
from 55 K−58.5 K, that is, ΔT ∼3.5 K, 

Fig. 1: ac susceptibility of Cu2OSeO3 as a function of magnetic field at varied critical pressures: (a) 
2.5 GPa, (b) 7.9 GPa, (c) 26.2 GPa, (d) 42.1 GPa. The evolution of the “dip figure” indicates 
that the temperature region for the possible skyrmion state expands under pressure. At 7.9 
GPa, the upper limit of the temperature range, TA2, increases to 300 K, the highest tempera-
ture measured in this experiment. At 26.2 GPa, the lower limit of the temperature range, TA1, 
extends to 5 K. With pressure increasing to 42.1 GPa, the “dip feature” becomes more pro-
nounced while the temperature range remains between 5 to 10 K and 300 K. [Reproduced 
from Ref. 1]

at ambient pressures to 5 K−300 K), that is, ΔT > 290 K, at 42.1 GPa by lowering 
TA1 and raising TA2 to above 300 K via pressure.  The extension of TA2 above 300 K 
above 7.9 GPa makes the skyrmion state accessible without the aid of liquid cryo-
gen for device applications. At the same time, the field region (HA1, HA2) or ΔH ≡ 
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HA2−HA1 remains almost unchanged, keeping the accessible field small, despite the 
great expansion in ΔT. This observation is in qualitative agreement with previous 
reports at low pressures up to 1.4 GPa by Wu et al.2 and up to 5.7 GPa by Sidorov 
et al.,3 who raised TA2 from ∼56 to 60.5 K, and Tc to 75 K, respectively. It is worth 
mentioning that, while TA2 and ΔT are observed to increase smoothly with pres-
sure, they exhibit a drastic increase at 7.9 GPa, indicating a possible pressure- 
induced structural transition. This effect was explored carefully using high- 
pressure X-ray diffraction experiments at TLS 01C2 of NSRRC, as discussed in the 
following. 

Figure 2 shows synchrotron X-ray diffraction (XRD) measurements under high 
pressure that were undertaken to investigate pressure-induced structural tran-
sitions in Cu2OSeO3. Because of the small volume (∼0.003 mm3) of the samples 
in a high-pressure diamond anvil cell, the authors decided to implement the 
structural study using synchrotron XRD. Room-temperature synchrotron XRD 
with wavelength 0.6889 Å (18 keV) was performed; the patterns were analyzed. 
As shown in Fig. 2(a), they display cubic phase P213 with lattice parameter a = 
8.9193 Å, consistent with a previous report.4 The same crystal structure persists 
as pressure is increased to 3.96 GPa. However, at 5.28 GPa, new Bragg reflection 
signals emerge, indicating the breaking of crystal symmetry. This pattern was 
indexed within an orthorhombic phase of space group P212121 (losing the three-
fold rotational symmetry) with lattice parameters a = 8.7988 Å, b = 8.7790 Å, c 
= 8.7409 Å. At ∼7.01 GPa, Cu2OSeO3 underwent a second structural transition 
to a monoclinic phase with space group P21 (losing the 21 screw axis symmetry). 
A schematic diagram of relevant pressure-induced structural phases was con-

Fig. 2: Pressure dependence of XRD patterns. (a) Evolution of room-temperature synchrotron XRD 
patterns for a polycrystalline Cu2OSeO3 sample under large quasi-hydrostatic pressure up to 
10.47 GPa, indicating multiple structural phase transitions. (b) Schematic diagram represent-
ing the pressure-induced structural phase transitions in Cu2OSeO3. It should be noted that 
1) initial cubic phase P213 transforms into orthorhombic phase P212121 at 5.28 GPa and 2) a 
second structural transition from orthorhombic P212121 to monoclinic P21 phase occurs at 
7.01 GPa. [Reproduced from Ref. 1]

sequently established, as shown in 
Fig. 2(b), in which phases cubic P213, 
orthorhombic P212121 and monoclinic 
P21 are marked in gray, blue and red, 
respectively. The results thus add two 
additional structural phases below 
11 GPa, the limit of the present 
synchrotron XRD experiments, that 
can host the skyrmions. The authors 
concluded that the observation of 
additional structures suggests that the 
skyrmion state might be insensitive to 
the underlying crystal structure.

This work is expected to stimulate 
research to find new skyrmion 
materials with varied crystal structures 
while retaining the skyrmion state 
under ambient temperature and 
pressure conditions. (Reported by 
Ashish Chainani)

This report features the work of Ching-
Wu Chu, H.-D. Yang and their co-work-
ers published in Proc. Natl. Acad. Sci. 
USA 117, 8783 (2020).
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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)

Chemical 
Science
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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. 



022 ACTIVITY REPORT  2020

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).
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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).
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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).
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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.



Chemical Science 025

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 
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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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Soft matter, comprising complicated systems, generally 
assembles into mesostructures between the microscopic 

and macroscopic scales. Probing a relation between the 
characteristics and the interactions of these mesostructures 
could efficiently determine their functions. Small-angle and 
wide-angle X-ray scattering (TLS 23A and TPS 25A) and 
X-ray photoelectron spectroscopy (TLS 24A) can capture 
information about self-assembled hierarchical structures 
from angstrom to submicrometre scales. This section high-
lights four articles, in terms of orientation of π-conjugated 
polymer chains, iron-coordinating semiconducting poly-
mers, hierarchical superhelices and polymer crystallization, 
extracted from publications of NSRRC users in 2020. The 
developments of an understanding about both the meso-
structures and their functionality are presented for medical 
and pharmaceutical research, polymer engineering and 
optoelectronic devices from the use of X-ray scattering, 
diffraction and photoelectron spectroscopy. (by Wei-Tsung 
Chuang)

Soft 
Matter
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Molecular Orientation of a π-Conjugated Polymer Monolayer 
The face-on orientation dominates the surface-segregated monolayer, as revealed by NEXAFS 
and GIWAXS spectra.

A synthetic-polymer thin film plays a crucial role in the 
modern economy. Although many artificial-polymer- 

based technologies have been successfully integrated into 
industrial processes, electronic applications based on a 
conjugated polymer are still in a dawn. Many believe that 
π-conjugated polymers have the potential to revolutionize 
electronic technologies, as their peculiar properties can 
be engineered with a highly developed synthesis toolbox 
from polymer science. The charge-transport property of a 
π-conjugated polymer is governed by not only the chemi-
cal composition of the polymeric macromolecules but also 
their conformation inside the membrane. Intensive effort 
has consequently been devoted to manipulate the crystal-
linity and molecular orientation of the membrane. Among 
various approaches, the packing structure and molecular 
orientation of a surface-segregated monolayer are sus-
ceptible to molecular design, allowing its properties to be 
tailored from the bottom up.

In this report, Yaw-Wen Yang (NSRRC), Chain-Shu Hsu 
(National Chiao Tung University) and Keisuke Tajima (RIKEN 
Center, Japan) and their coworkers take advantage of the 
surface-segregated monolayers (SSM) forming mechanism 
to set up a monolayer of π-conjugated polymer. By replac-
ing the alkyl side chain of N2200 with a semifluoroalkyl 
chain, the surface energy of the product, named FNDIT2, is 
decreased (see Fig. 1(a) for the monomer structures). The 
difference in surface energy inside the spin-coated blended 

FNDIT2/N2200 film drives a phase separation, resulting in 
an enhanced surface concentration of FNDIT2 over that of 
N2200. Depth profiling of fluorine with X-ray photoelectron 
spectroscopy (XPS) etching experiment concluded that the 
thickness of the surface layer is about 1.8 nm. This condi-
tion indicates a single-layer thickness for the FNDIT2 over-
layer, as illustrated in Fig. 1(b).

The literature shows that the SSM mechanism can induce 
an ordered single-layer polymer with its π-conjugated 
plane oriented to the substrate surface in either face-on 
or edge-on or end-on manner, as illustrated in Fig. 2(a). 
For electronic applications, this orientation is of the ut-
most importance, as it strongly influences the anisotropic 
charge-transport properties. In this work, the π-plane ori-
entation about the surface region was characterized with 
near-edge X-ray absorption fine structure (NEXAFS) spectra. 
Quantum mechanics indicates that the X-ray absorbance 
depends on how well the electric-field vector overlaps with 
the participating molecular orbitals. As the initial state is a 
symmetrical C 1s orbital in this case, only the final state, the 
carbon π* orbital, accounts for the degree of such overlap. 
As the carbon π* orbital is perpendicular to the molecular 
π plane, a dependency between the electric-field vector 
and the molecular π-plane is established, formulated in this 
equation:                                                                    , in which I 
is absorbance, P is degree of polarization, which is 0.9 for 
the bending magnet used in the present experiment, θ is 

Fig. 1:  (a) Molecular structure of the monomer unit of N2200 and 
FNDIT2. (b) A FNDIT2/N2200 surface-segregated monolayer. 
[Reproduced from Ref. 1]

I = A[Pcos2 θ(1-— sin2 γ)+— sin2 γ]3
2

1
2

Fig. 2:  (a) Schematic diagram of the NEXAFS experiment geometry. (b) 
Schematic diagram of molecular π-plane orientations. [Repro-
duced from Ref. 1]
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incident angle of the X-ray beam, γ is the tilt angle of the 
molecular π-plane; A is an arbitrary proportional parameter. 
The set-up is illustrated in Fig. 2(b). Figure 3 depicts the 
dependency of the C 1s-π* absorbance on the angle of 
incidence of the X-rays. The fitting outcome for tilt angle 
γ in the π-plane is 44o, which corresponds to a distorted 
face-on orientation. Thermal annealing at 260 oC further 
flattens γ to 42o. In contrast, γ from the pure N2200 sample 
is 52o, which indicates an edge-on configuration; it turns 
5o more upright upon the same thermal annealing. Even 
though the annealing treatment further rectifies the orien-

Fig. 3:  Angularly dependent C 1s-π* absorbance of N2200 and FNDIT2/
N2200 SSM. TA stands for “thermal annealing”. [Reproduced from 
Ref. 1]

tations, the fact that it does not disturb the film integrity 
also demonstrates the thermostability. As a complement to 
NEXAFS spectra, grazing-incidence wide-angle X-ray scat-
tering (GIWAXS) measurements showed that the π-plane 
of the FNDITN2/N2200 SSM has a ratio 1:2 of edge-on to 
face-on. This result is derived from the crystalline part of the 
specimen, as only the crystallites contribute to the diffrac-
tion signal.

“The interface is the device,” pointed out by Herbert Kroemer, 
the 2000 Nobel laureate in physics. For decades, interface 
engineering has been a major task for the development of 
science and technology. The work presented here demon-
strates a synthetic route for a π-conjugated polymer mono-
layer with a characteristic π-plane orientation. The com-
bination of NEXAFS and GIWAXS spectra also effectively 
determines such an orientation. It carves a path for forging 
functional organic/metal or organic/organic interfaces to 
build layered composite structures used in organic electron-
ic devices. (Reported by Dr. Bo-Hong Liu)

This report features the work of Yaw-Wen Yang, Chain-Shu 
Hsu, Keisuke Tajima and their collaborators published in J. 
Mater. Chem. A 8, 6268 (2020).
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Iron-Coordinating π-Conjugated Semiconducting Polymer
Rational side-chain engineering was performed on a semicrystalline semiconducting conjugated 
polymer based on DPP to incorporate metal-chelating moieties without disruption of the π-con-
jugation.

C onjugated polymers constitute an intriguing class of materials, particularly promising to replace silicon as semiconduct-
ing materials in next-generation stretchable and portable electronics. This ability is due not only to their inherently ef-

fective charge-transport properties but also to their solubility in common organic solvents, opening new avenues for solution 
deposition and fabrication of electronic devices at large scale and decreased cost. Their favourable optoelectronic properties 
have been exploited so far to fabricate various electronic devices, including organic photovoltaics and organic light-emitting 
diodes. In more recent years, new strategies and approaches for a conjugated polymer, directly developed through chemical 
design and material engineering, have been utilized to increase the charge-transport and device efficiencies. Among other 
approaches, the utilization of supramolecular chemistry is particularly promising to enhance the packing interaction between 
polymer chains. Although hydrogen bonds have been used to improve the charge transport and the softness of diverse con-
jugated polymers, there have been few examples of polymer designs based on metal-chelation chemistry.1-3

This work by Yu-Cheng Chiu (National Taiwan University of Science and Technology), Simon Rondeau-Gagné (University of 
Windsor, Canada), Bi-Hsuan Lin (NSRRC) and their joint team members focuses on the use of dynamic metal-ligand (M-L) 
interactions to influence the electronic properties of a high-performance conjugated polymer, as illustrated in Fig. 1. Through 
metal chelation, diverse parameters can be fine- tuned, including the optoelectronic properties, solubility in organic solvents 
and stability of the materials. These non-covalent interactions can also be further explored, through use of a plethora of 
ligand motifs that have been developed, in tandem with an appropriate metal salt. 

The new conjugated polymer system is based on diketopyrrolopyrrole (DPP) semiconducting π-conjugated polymers contain-
ing benzimidazole pyridine (MeBZIMPY) pincer ligands in the side chains of the polymer. These ligands facilitate the com-
plexation of Fe(II), to generate a metal-coordinated polymer, which was completely characterized with various techniques to 
evaluate the optoelectronic properties of the new materials. Importantly, metal complexation by the conjugated polymers 
was found to be particularly challenging. As a result, X-ray fluorescence spectra and X-ray near-edge absorption spectra 
experiments for the semiconducting thin film were undertaken at TPS 23A to confirm that Fe was successfully coordinated in 
the ligands, as shown in Fig. 2. (see next page). The selection of this specific salt is due to its vast exploitation in M-L systems, 
which are utilized in polymer catalysis, bioimaging, fluorescence, dielectric systems, and chemical or mechanical sensors. The 
selection of the pincer ligand was due to its ability to be functionally tuned through the amines present in the benzimidazole 
pendant arms. Functionalizing these areas allows for changes in solubility to occur, making this system more easily process-
able. (Reported by Yu-Cheng Chiu, National Taiwan University of Science and Technology)

Fig. 1:  DPP-based polymer with methylben-
zimidazole (MeBZIMPY) ligand-con-
taining side chains for coordination of 
Fe(II). [Reproduced from Ref. 2] 
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This report features the work of Yu-Cheng Chiu, Simon Rondeau-Gagné and their collaborators published in J. Mater. Chem. C 
8, 8213 (2020).

TPS 23A  X-ray Nanoprobe
• XRF, XANES
• Materials Science, Semiconducting Polymer, Organic Transistor, Metal Coordination
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Fig. 2:  (a) X-ray fluorescence spectra (full spectra) of SiO2, P(DPPTVT-MeBZIMPY), P(DPPTVT-MeBZIMPY)-Fe and PMAAFE standard; (b) X-ray fluorescence 
spectra of SiO2, P(DPPTVT-MeBZIMPY), P(DPPTVT-MeBZIMPY)-Fe and PMAAFE standard expanded in region 6−8 keV. The spectra have been nor-
malized relative to the Si Kα signal; (c) fluorescence yield (FY) Fe K-edge X-ray-absorption near-edge structure (XANES) spectra of SiO2, P(DPPTVT- 
MeBZIMPY), P(DPPTVT-MeBZIMPY)-Fe and PMAAFE standard, and (d) fluorescence-yield Fe K-edge XANES spectra of SiO2, P(DPPTVT- MeBZIMPY), 
P(DPPTVT-MeBZIMPY)-Fe and PMAAFE standard expanded in region 7.110–7.124 keV. [Reproduced from Ref. 2] 
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Hierarchical Superhelices from Achiral Polymers
Artificial periodic helical nanostructures on a sub-optical wavelength scale have been demon-
strated to have prominent optical properties for application of metamaterials.   

A helix is a fascinating structure in nature; from DNA 
to cell, tissues are related to the helical structure, but 

helical structures exist typically in a chiral system. Herein, 
Wei-Tsung Chuang (NSRRC), Yeo-Wan Chiang (National Sun 
Yat-sen University) and I-Ming Lin (National Sun Yat-sen 
University) proposed a novel concept of focal asymmetry 
to fabricate hierarchically helical structures from nanome-
ter to submicrometer scale in the self-assembly of achiral 
dendron-jacketed block copolymers (DJBCP). As shown in 
Fig. 1, to create the focal asymmetry in dendrons, they syn-
thesized two positional isomers of dendrons featuring two 
amphiphilic tails at the 3,4- and 3,5-positions of the benzoic 
acids, which behave as asymmetric and symmetric den-
drons (denoted aD and sD), respectively. The ortho-position 
poly(2-vinylpyridine) (P2VP) in polystyrene-block-poly(2- 
vinylpyridine) (PS-b-P2VP) and the para-position poly(4-vin-
ylpyridine) (P4VP) in polystyrene-block-poly(4-vinylpyridine) 
(PS-b-P4VP) respectively represent asymmetric and sym-
metric concepts in the supramolecular dendron-jacketed 
blocks. Through hydrogen-bonding interactions, aD and 
sD units can be grafted to the P4VP blocks and the P2VP 
blocks, resulting in DJBCP of four types with varied levels of 
asymmetry. 

Figure 2 presents transmission-electron-microscope (TEM) 
images of the self-assembled nanostructures obtained from 

the four types of DJBCP with a constant PS volume fraction, 
0.23, so the PS domains (bright area in TEM images) are sur-

Fig. 1:  Schematic representation of hierarchical helical assemblies of supramolecular DJBCP induced 
on controlling the asymmetric chemical structures of the dendrons and the interactive 
hydrogen-bonding (H-bonding) sites of the diblock copolymers. [Reproduced from Ref. 1] 

Fig. 2:  TEM micrographs of films as cast of (a) PS-b-P4VP(aD)0.5, (b) 
PS-b-P4VP(sD)0.5, (c) PS-b-P2VP(sD)0.75 and (d) PS-b-P2VP(aD)0.3. 
After staining with I2, the dendron-jacketed blocks and PS blocks 
appear dark and bright, respectively. [Reproduced from Ref. 1] 

rounded by dendron-jacketed blocks 
(dark area in TEM images). The helical 
structures appeared in the three types 
of DJBCP with asymmetric compo-
nents, which are PS-b-P4VP(aD)0.5, 
PS-b-P2VP(aD)0.3 and PS-b-P2VP(sD)0.75 
(here, 0.5, 0.3 and 0.75 represent the 
molar fraction of aD or sD to P4VP or 
P2VP unit); PS-b-P4VP(sD)0.5 with both 
symmetrical components formed a 
cylindrical structure. Combining the 
above result, as long as it contains an 
asymmetric element, the helical struc-
ture can be produced.

As shown in Fig. 3, PS-b-P4VP(aD)0.5 
was selected for small-angle X-ray 
scattering (SAXS) with oscillatory- 
shearing alignment in situ at TLS 
23A1. A highly ordered SAXS pattern 
reveals a highly oriented and ordered 

(a)

(b)

(c)

(d)
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Fig. 3:  (a) 2D SAXS pattern of PS-b-P4VP(aD)0.5, recorded under shear align-
ment in situ using a rheometer; the inset in the upper-right corner is 
a selected magnified zone. (b) 1D SAXS profile integrated along the 
equatorial direction of the 2D SAXS pattern in (a). (c) 1D SAXS profile 
integrated from the cross pattern in (a). (d) Azimuthal angle scan from 
first-order diffraction of the cross pattern. (e–g) TEM images of PS heli-
ces with adjustable curliness, obtained at grafting ratios x = (e) 0.3, (f) 
0.4 and (g) 0.5 in PS-b-P4VP(aD)x. [Reproduced from Ref. 1]

= 0.3–0.5) in PS-b-P4VP(aD)x. Upon increasing the 
grafting ratio, the corresponding apparent curliness 
was increased, as evident in the TEM micrographs 
(Figs. 3(e)–3(g)). This effect means that the degree 
of helical curliness can be hierarchically transmitted 
across various length scales in the DJBCP system. 
Notably, such adjustable curliness is rarely observed in 
BCP-based helical structures.

In summary, this work shows the first discovery of 
helical structures with tunable curliness triggered 
from the focal asymmetry in an entirely achiral system 
of DJBCP through hydrogen-bonding interactions. 
(Reported by I-Ming Lin, National Sun Yat-sen Univer-
sity and Wei-Tsung Chuang)

This report features the work of Wei-Tsung Chuang, 
Yeo-Wan Chiang and their coworkers published in J. 
Mater. Chem. C 8, 1923 (2020). This paper was select-
ed as the inside front cover of Issue 6. [Cover image 
reproduced by permission of Wei-Tsung Chuang and 
The Royal Society of Chemistry from J. Mater. Chem. C, 
2020, 8, 1923, https://doi.org/10.1039/C9TC06135E.]

TLS 23A1  IASW – Small/Wide Angle X-ray 
Scattering
• SAXS
• Materials Science, Chemistry, Condensed-matter 

Physics, Environmental and Earth Science
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H.-J. Li, Y.-W. Chiang, Y.-H. Lin, Y.-C. Lee, C.-J. Su, U. 
S. Jeng, W.-T. Chuang, J. Mater. Chem. C 8, 1923 
(2020).

structure. The distance between two helices and a pitch length 
estimated from the diffraction positions are ca. 140 and 125 nm, 
respectively, which are consistent with the TEM image. In Fig. 
3(d), the azimuthal scan of the first-order diffraction of the cross 
pattern reveals that the helical angle (twisting power) of the PS 
helix is approximately 50o, as estimated from the angle enclosed 
between the arms of the cross. The twisting power of the PS 
helixes becomes adjustable on controlling the grafting ratio (x 
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Relation Between Melting Behavior and Phase Transi-
tions in Polymer Crystallization
A relation between the crystalline lamellar thickness and the melting temperature is revealed by 
small- and wide-angle X-ray scattering.  

T he equilibrium melting temperature of a crystallisable 
polymer, defined as the melting temperature of an 

infinitely thick crystal, is an important thermodynamic prop-
erty for polymers, which acts as the reference temperature 
to define the degree of supercooling, i.e., the driving force 
of crystallization. In general, the melting temperature is 
depressed with the crystallization temperature range, when 
an A/B random copolymer is introduced as non-crystalliz-
able comonomer units (B) into the crystallizable homopoly-
mer (A). There are two conditions for the distribution of the 
comonomer units in the crystalline structure: one is that the 
comonomer units are fully excluded from the crystalline 
structure, raising the concentration of comonomer units in 
the amorphous phase; the second is that the comonomer 
units are nondiscriminatingly incorporated into the crystal-
line lattice, resulting in a uniform composition in the crystal-
line and amorphous phases.

To clarify how the lamellar thickness affects the crystal melt-
ing in the copolymer systems, An-Chung Su (National Tsing 
Hua University) constructed the melting behavior for α and 
β crystals of syndiotactic poly(styrene-stat-3-methylstyrene)  
(sPS-3MS) and poly(styrene-stat-4-methylstyrene)  
(sPS-4MS) random copolymers with varied comonomer 
proportions, using simultaneous synchrotron small- and 
wide-angle X-ray scattering (SAXS/WAXS) heating profiles 
in situ.1 These measurements were made at TLS 23A1.  
Figures 1(a)–1(c) show the simultaneous SAXS/WAXS 
heating profiles of the cold-crystallized sPS-5%3MS spec-
imen (for varied crystallization temperatures, Tc) at rate 2 
°C min−1. The lamellar peak position shifts from qc = 0.036 
to 0.027 Å−1, corresponding to a long period (Lp) increased 
from Lp = 17 to 23 nm, i.e., a specimen cold-crystallized at 
higher temperature exhibits a greater interparticle distance 
between nanograins. Upon heating, the lamellar peak in 
each profile shifts successively to smaller q positions and 

Fig. 1:  (a−c) SAXS heating profiles of sPS-5%3MS cold-crystallized specimens at rate 2 °C min−1. Representative deconvoluted WAXS profiles for sPS-
5%3MS cold-crystallized specimens at temperatures (a) 220, (b) 230 and (c) 240 °C. [Reproduced from Ref. 1]
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becomes broader, which represents an increased Lp and 
a weakened nanograin spatial correlation (i.e., structure 
factor). The SAXS profiles exhibit a power-law scattering 
profile I(q) ~ qP with P = -3.2 before reaching 270 °C, indi-
cating that the molten state has a fractal structure with a 
fractal dimension ca. 3. The evolution of the normalized 
relative crystallinity of α and β crystals upon heating; rep-
resentative deconvoluted WAXS profiles are illustrated in 
Figs. 2(a)−2(c). As revealed by WAXS profiles, the cold-crys-
tallized sPS-5%3MS specimens all exhibited an α-dominant 
structure, whereas a higher Tc results in sharper reflections, 
implying more perfectly ordered crystals formed at a higher 
Tc. Upon heating, the intensity of the reflections progres-
sively decreases and finally exhibits amorphous halo profiles 
after reaching ca. 266 °C.

In this work, the SAXS and WAXS results consistently show 
that the polymorphic behavior of sPS-3MS and sPS-4MS 
depends on the crystallization condition, whereas the 
presence of comonomer (especially 4MS) units tends to 
suppress more strongly the formation of β crystals in melt 

crystallization; the level of suppression enhances with in-
creasing comonomer content. Based on the experimentally 
constructed melting behavior, here the corresponding Tm° 
of the sPS α or β crystal with varied 3MS and 4MS content 
was determined; the Sanchez−Eby theory2 was introduced 
to interpret these observations from the viewpoint of ther-
modynamics. (Reported by Wei-Tsung Chuang)

This report features the work of An-Chung Su and his collab-
orators published in Macromolecules 53, 3059 (2020).

TLS 23A1  IASW – Small/Wide Angle X-ray Scattering
• SAXS, WAXS
• Materials Science, Chemistry, Condensed-matter Physics
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S ince the determination of the first protein structure 
of myoglobin by X-ray crystallography in 1958, this 

technique remains a powerful tool for the study of struc-
tures of important biological molecules. The brilliant X-rays 
provided by a synchrotron play a crucial role in the advance 
of modern X-ray crystallography. Synchrotron-based 
macromolecular crystallography (MX) further accelerates 
the speed of structure-function studies of physiologically 
significant biological molecules. The molecular mechanism 
of numerous biological macromolecules involved in various 
diseases has been revealed based on their crystal structures. 
The knowledge gained from those crystal structures also 
paves the way for future structure-based drug design. Oth-
er synchrotron-based techniques such as transmission X-ray 
microscopy (TXM), X-ray absorption spectroscopy (XAS) and 
Fourier-transform infrared (FTIR) spectroscopy could also be 
used to tackle important biological questions from various 
perspectives.

The following research highlights are collected from the 
publications of our wide user communities in 2020. These 
five reports include a triaminotriazine-acridine conjugate 
that selectively targets T:T mismatches in CTG trinucleotide 
DNA by Ming-Hon Hou, a sodium-dependent phosphate 
transporter, human solute carrier SLC20, by Yuh-Ju Sun, a 
CpG-specific human DNA methyltransferase 3B by Hanna 
S. Yuan, removal of lead (Pb) contamination by Cyanidiales 
by Yu-Ting Liu, and an isoform-specific Avanafil selective 
toward human phosphodiesterase 5A1 by Nei-Li Chan. (by 
Chia-Liang Lin)

Life 
Science
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Small Molecule Targeting T:T Mismatches in CTG  
Trinucleotide Repeat DNA Induces a Unique Structure
The current study describes new structural features of higher-order non-canonical DNA confor-
mations induced by a small molecule ligand and its selective supramolecular interactions. 

T he abnormal expansion of repetitive DNA in a ge-
nome results in dysfunctional cellular processes such 

as replication, repair and recombination that ultimately 
lead to altered genetic processes. DNA repeat expansion 
is associated mainly with neurological diseases that might 
have severe consequences for human health. For example, 
myotonic dystrophy type 1 (DM1) is associated with the 
abnormal expansion of cytosine-thymine-guanine (CTG) 
trinucleotide repeats (TNRs) DNA located on the non- 
coding region of the myotonic dystrophy protein kinase 
gene.1 Expansion of the aberrant TNRs is typically correlated 
with genetic inheritability, age of disease onset, and sever-
ity. Studies have shown that the formation of atypical DNA 
structures containing mismatches flanked between canon-
ical Watson−Crick base-pairs in the genome is common in 
disease pathobiology.2 

As the formation of non-canonical structures has been 
identified in many neurodegenerative diseases, small mole-
cules targeting these structures can play a significant role in 
the diagnosis and treatment of these diseases. Triaminotriazine- 
acridine conjugate (Z1), a drug originally developed by 

Steven C. Zimmerman (University of Illinois, USA) and his 
team, that targets mismatches in trinucleotide repeat DNA 
has the potential to cure DM1 disease (Fig. 1(a)),3 but its 
binding mechanism remains unclear. A collaborative team 
led by Ming-Hon Hou (National Chung Hsing University) 
and Zimmerman used X-ray crystallography and biophysical 
methods to understand the structural basis for recognition 
of disease-associated DNA by Z1 (Figs. 1(b) and 1(c)). The 
extraordinarily complex structure solved by Hou and his 
team showed many unprecedented features that not only 
throw light on structural details about drug-DNA complex-
es but also enhance our understanding of the supramolec-
ular chemistry of a chemical compound that causes non- 
canonical DNA superstructure formation.4

The elucidation of a complex crystal structure required the 
collection of high-resolution X-ray data that was conducted 
using TPS 05A and TLS 15A1 at NSRRC. The team solved 
a complex structure of drug Z1 and CTG repeat-associated 
DNA containing three homopyrimidine T:T mismatches 
with the SAD method using a brominated oligonucleotide 
[br5U]TCTGCTGCTGAA. Their crystallographic observations 

Fig. 1: (a) Chemical structure of triaminotriazine-acridine conjugate (ligand Z1). (b,c) Overall structure and schematic representation of d[(5BrU)T(CTG)3AA]  
complexed to Z1 in an asymmetric unit. (d) Core of the complex formed by a crossing of all four chains in the G5-C6-T7-G8-C9 penta-sequence.  
(e) Two central stacked G:C pairings form two GC tetrads labeled GC-I and GC-II. The additional stacked G:C pairings formed by adjacent G8pC9 
bases of chains A and C are denoted GC-III and GC-IV, respectively. [Reproduced from Ref. 4]
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showed that the binding of two Z1 molecules at the termi-
nal CTG repeat motifs induces many surprising features that 
include mainly formation of a distorted DNA backbone con-
formation along with the flipping of a mismatched thymine 
base away from the backbone that ultimately resulted in a 
four-way-junction structure of a novel type. The Z1 inter-
calation caused the four chains of DNA to adopt a double 
U-shaped head-to-head topology conformation and result-
ed in the crossing of each strand at the intersection point 
(Fig. 1(d)). Upon further analysis of the structure, Hou’s 
team learned that this central crossing is stabilized with two 
stacked G:C base pairs in the central region that can rotate 
by ca. 50° with respect to each other and form an X-shaped 
structure due to the alignment of two G•C•G•C tetrads into 
a nonplanar structure (Fig. 1(e)). The stacking of G:C pairs 
on both sides resulted in the formation of an apparently 
continuous duplex DNA. They further observed that the 
coordination of four CoII metal ions between N7 atoms of 
guanines can strongly preserve the central junction site.

As this study identifies the structural basis of a small mol-
ecule to induce higher-order structure formation, the 
information obtained from this work might be applicable 
in designing more sequence-specific ligands targeting re-
peat-associated atypical DNA structures, particularly those 
associated with neurological disorders. In summary, the 
findings from Hou and his team deepen our understanding 
regarding the molecular-level mechanism of the formation 
of higher-order atypical DNA conformations through ligand 

binding and its supramolecular interactions. Because of the 
flexibility of DNA to adopt a specific conformation based on 
a specific sequence or ligand binding, the authors stipu-
lated that the results from this study can be useful also in 
DNA nanotechnology-based sensors or tweezers develop-
ment. (Reported by Roshan Satange, National Chung Hsing 
University)

This report features the work of Ming-Hon Hou, Steven C. 
Zimmerman and their collaborators published in the J. Am. 
Chem. Soc. 142, 11165 (2020).

TPS 05A  Protein Microcrystallography 
TLS 15A1  IASW – Biopharmaceutical Protein Crys-
tallography
• Protein Crystallography 
• Biological Macromolecules, Unusual DNA Structures, Life 
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M aintaining Pi balance is essential for the growth and development of all organisms; membrane-bound phosphate 
transporters are key factors in sustaining Pi homeostasis in humans, plants, fungi and bacteria. In humans, Pi is translo-

cated into cells with two major secondary active transporters, i.e., sodium-dependent phosphate transporter SLC20 (PiT) and 
SLC34 (NaPi-II) families, which prefer monovalent (H2PO4

−) and divalent (HPO4
2−) phosphates, respectively.1 A dysfunction of 

human phosphate transporters causes numerous diseases, including hyperphosphatemia, vascular and brain calcification and 
neuropsychiatric disorders, but the molecular mechanism of these transporters remains elusive.  hPiT (hPiT1 and hPiT2) have 
been identified in various organs, including kidney, liver and brain. Specifically, the functional loss of hPiT2 in the brain can 
result in Pi accumulation, causing calcium phosphate deposition.

Fig. 1: (a) Topology of TmPiT with 12 transmembrane helices that are divided into a transport domain with two inverted-topology repeats, N-PD001131 
(TM1-3 and HP1a/b, in magenta) and C-PD001131 (TM6-8 and HP2a/b, in blue), and a scaffold domain (TM4/5, in yellow). (b) Ribbon diagram of 
the TmPiT-Pi/Na complex consisting of a transport domain with N-PD001131 and C-PD001131 and a scaffold domain (in yellow). The Pi and Na 
ions are shown in CPK and as purple spheres, respectively. The transmembrane helices in (b) are coloured and numbered based on (a). (c) Ribbon 
diagram of the TmPiT dimer. (d) Fo−Fc electron-density maps of Pi and Na are shown at 8σ and at 6σ, respectively. Transmembrane helices TM1, 
TM6, HP1a-HP1b and HP2a-HP2b (labeled) are involved in Pi and Na binding. The Pi- and Na-binding residues are shown in CPK and as purple 
spheres, respectively. (e) Magnified view of Pi-2Na binding pocket, showing interacting residues. (f) Magnified view of Nafore binding, showing the 
penta-coordination residues. [Reproduced from Ref. 2]

The Sodium-Dependent Phosphate Transporter: To  
Reveal Insight into Human Solute Carrier SLC20
Dysfunctions of human phosphate transporters cause numerous diseases, but the molecular 
mechanism of these transporters remains elusive. The structure and function of the phosphate 
transporter from bacterium Thermotoga maritima in a complex with phosphate and sodium pro-
vide a framework to understand PiT dysfunction and for future structure-based drug design.
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The PiT contains a unique internal highly conserved domain 
named PD001131 present at the N- and C-termini. Within 
this domain are four highly conserved sequences: ΦNDΦ, 
GxxxxGxxVxxT, PΦSxT and IxxxWΦ (x: any amino acid; Φ: 
hydrophobic residue). Thermotoga maritima is a hyper- 
thermophilic bacterium that makes it an ideal model organ-
ism for an integration of biochemical and structural exper-
imental approaches. The authors show that TmPiT belongs 
to the SLC20 family; its transmembrane domain exhibits 
protein characteristics and sequence homology similar to 
that of hPiT (similarity/identity 62%/38% for hPiT1 and 
61%/39% for hPiT2). 

To investigate the structural information for a sodium- 
dependent phosphate transporter, a research team led 
by Yuh-Ju Sun (National Tsing Hua University) solved the 
crystal structure of TmPiT, a homology of hPiT. They mea-
sured the phosphate-binding affinity as 57.0 ± 1.1 µM and 
determined the uptake ability of TmPiT being driven by 
sodium. The crystal structure of TmPiT bound to sodium 
and phosphate (TmPiT-Na/Pi) is in an inward occluded state 
and exits as a dimer, with the two subunits showing distinct 
conformations. All diffraction data sets were collected at 
TPS 05A in NSRRC.2

The TmPiT-Pi/Na complex is shown in Figs. 1(a) and 1(b); 
the transport and scaffold domains are formed with 12 
transmembrane helices. The transport domain of TmPiT 
assumes a “5+5” fold and is arranged into two inverted 
repeats annotated as PD001131, N-PD001131 (TM1/TM2/
HP1a-HP1b/TM3) and C-PD001131 (TM6/TM7/HP2a-
HP2b/TM8). HP1a-HP1b (HP1) and HP2a-HP2b (HP2) are 
re-entrant helical hairpins that have been reported in the 
transporters of elevator type, such as aspartate transporter 
Gltph and dicarboxylate transporter VcINDY. TmPiT is a 
dimer with dimensions 83 Å × 61 Å × 55 Å; the N- and  

through two aspartates, D22 and D258. A phosphate was 
located 4.8 Å from each sodium ion. This phosphate was 
tightly bound via 12 interactions with eight conserved 
residues, including D22 (TM1), D258 (TM6) and six polar 
residues, S105/T106/T107 (HP1b) and S345/T346/T347 
(HP2b) (Fig. 1(e)). Both Na1 and Na2 are bound within a 
penta-coordinated interaction with conserved residues 
Asp/Asn/Thr. All these Pi-2Na-binding residues are highly 
conserved in PiT families; D22 and D258 are involved in 
both Pi and Na binding. In addition to Pi-2Na binding, a 
third sodium, Nafore, was identified near TM1, TM6 and HP2a 
with penta-coordination through residues T29, Q243, S247 
and D327 (Fig. 1(f)), which are highly or partially conserved 
in the PiT.

In the TmPiT-Pi/Na complex, there are significant structural 
differences between subunits A and B, which are reflected 
in a root-mean-square deviation 1.8 Å for the Cα atoms 
mainly in TM8 and intracellular loops L7 and LHP2. The ac-
cessible volumes of this region, calculated using CASTp, are 
68 Å3 and 252 Å3 for subunits A and B, respectively (Figs. 
2(a) and 2(b)). Conformational changes in the TmPiT-Pi/
Na complex in loops L7, LHP2 and TM8 between subunits 
A and B indicate that the subunits might have distinct 
functional states. They might control the inner gate during 
phosphate and sodium release on assuming closed and 
open states in subunits A and B, respectively.

Interestingly, particular structural characteristics of TmPiT 
reflect those reported in disease-associated mutations in 
hPiT. Several mutations in hPiT2 have been associated with 
neuropsychiatric disorders and primary familial brain calci-
fication.3 To understand how these mutations might affect 
hPiT function, the authors mapped these hPiT mutations 
onto the TmPiT-Pi/Na complex structure (Fig. 3); they found 
a significant correlation between their TmPiT results and 

Fig. 2: The structures of subunits A and B around inner gates are shown in (a) and (b), respec-
tively. Two inverted, repeated domains are shown: HP1 from N-PD001131 (in magenta in 
both subunits) and HP2 and TM8 from C-PD001131 (in blue and cyan for subunits A and B, 
respectively). The structures shown include Pi and Na, and residues K314 and W378. The Pi 
and Na ions are shown in CPK and as purple spheres, respectively. Residues K314 and W378 
are shown in CPK. The accessible volumes of the exit region were calculated with CASTp30 
and are shown in brown. [Reproduced from Ref. 2]

C-termini are located in the extracellu-
lar region (Fig. 1(c)). The dimer inter-
face between two subunits (A and B) is 
formed with TM2/7 from the transport 
domain and TM4/5 from the scaffold 
domain and has a buried area 1283.7 
Å2. 

In the TmPiT-Pi/Na complex struc-
ture, three sodium ions were found 
(Fig. 1(d)): two sodium ions and one 
phosphate (hereafter Pi-2Na) were 
located at the core of TmPiT; the third 
sodium (Nafore) was situated near the 
inner membrane boundary. The Pi-2Na 
binding site is formed with TM1, loop 
HP1a-HP1b l(HP1 tip), TM6 and loop 
HP2a-HP2b (HP2 tip) (Figs. 1(d) and 
1(e)). The phosphate is associated 
with two sodium ions as “Na1-Pi-Na2” 
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Fig. 3: Variants in hPiT2 linked to brain calcification disease were mapped 
onto the modeled hPiT2 structure. Variants are shown as spheres 
and grouped into five categories: Pi-binding (orange), Na-binding 
 (green), N-PD001131 (pink), C-PD001131 (blue) and dimer (yel-
low). The Hs/Tm number is also labelled. The Pi and Na binding 
sites are indicated with dashed outlines. [Reproduced from Ref. 2]

clinical data from variants in hPiT. For example, the variant 
residues in hPiT are all found at essential positions or are 
involved in sodium and phosphate binding; some are near 
the inner membrane and might regulate Pi transport; a few 
are in the dimerization domain; others are located in the 
extracellular soluble (S) domain. These findings highlight 
how the TmPiT structural data might inform the molecular 
mechanisms underlying human diseases associated with 
mutations in hPiT.

In summary, the TmPiT-Pi/Na complex contains a phos-
phate and three sodium ions tightly bound with TM1/6 and 
HP1/HP2. Structural differences occur between subunits A 
and B near the inner gate, in loops L7/LHP2 and TM8. These 
findings provide a structural basis for disease-causing muta-
tions in hPiT. TmPiT is the first complete structural study of 
a sodium-dependent phosphate transporter. The resolved 
three-dimensional structure of TmPiT might help establish 
therapeutic targets for PiT dysfunction diseases. (Reported 
by Jia-Yin Tsai, National Tsing Hua University)

This report features the work of Yuh-Ju Sun and her collabo-
rators published in Sci. Adv. 6, eabb4024 (2020).
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D NA methylation is the key mechanism of epigenetic  
regulation involved in various cellular processes, 

including gene expression, tumorigenesis and genomic im-
printing. In mammals, DNA methylation is achieved by the 
enzymatic activity of DNA methyltransferases (DNMTs) on 
transferring the methyl group from the cofactor, S-adenos-
ylmethionine, to the C5 position of cytosine. Mammalian  
DNMTs consist of four members—DNMT1, DNMT3A, DNMT3B 
and DNMT3L. DNMT3A and DNMT3B are so-called de novo 
methyltransferases, as they establish new DNA methylation 

patterns during embryogenesis and genomic imprinting 
during germline development. The activities of DNMT3A 
and DNMT3B are stimulated by interacting with the inac-
tive DNMT member, DNMT3L.1

Although DNMT3B shares a similar domain arrangement 
and high sequence identity in the methyltransferase do-
main (~85%) with DNMT3A, these two enzymes have 
distinct physiological or pathophysiological roles and 
enzymatic properties. DNMT3A methylates imprinted 

Fig. 1: (a) Crystal structures of a DNMT3B–3L complex bound without and (b) with DNA. The two SAH molecules are represented with a stick model; 
catalytic loops are shown in purple and TRD loops are displayed in yellow. (c) Overlay of the catalytic loop and (d) the TRD loop of apo (white) and 
DNA-bound (colored) complexes. (e) TRD loops of DNMT3B interact at the major groove of a DNA duplex in the DNMT3B-3L-DNA (CpGpG) struc-
ture. (f) The cytosine (C5) in CpG sites is flipped from the DNA helix by the catalytic loop. The enlarged panel (right) reveals the hydrogen-bonded 
network surrounding the cytosine. (g) Methyltransferase activities of DNMT3B–3L and the C651A and V657G mutants. (h) A water channel located 
near the C5 atom of the cytosine of the CpG sites was identified. Cytosines of the CpG sites are shown as magenta sticks, whereas water molecules 
are shown as pink spheres. (i) Proposed working mechanism for methylation by DNMT3B. [Reproduced from Ref. 7]

Human DNMT3B Structure: Insights into Flanking  
Sequence Preference and Processive Methylation
Unlike that of DNA methyltransferase 3A (DNMT3A), methylation of DNA by DNMT3B occurs in a 
non-cooperative processive manner, allowing the enzyme to methylate repeated CpG sites along 
a DNA strand. A combination of structural and biochemical analyses of the DNMT3B catalytic do-
main shows that DNMT3B adopts a more stable target recognition domain (TRD) loop for proces-
sive methylation and a flanking sequence preference different from those of DNMT3A.
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genes and dispersed repeated elements, whereas DNMT3B 
specializes in methylating pericentric satellite repeats and 
the gene body of actively transcribed genes. Heterozygous 
mutations of DNMT3A are associated with acute myeloid 
leukemia2 whereas homozygous mutations of DNMT3B 
contribute to immunodeficiency, centromere instability and 
the facial anomalies (ICF) syndrome.3 DNMT3A methylates 
DNA in a cooperative manner, whereas DNMT3B exhibits 
a non-cooperative methylation of DNA through catalyzing 
multiple CpG sites before dissociation. Unlike DNMT3A that 
prefers T downstream of the CpG sites, DNMT3B favors A at 
the flanking position. Previously, structural studies of DNMT 
focused mainly on DNMT3A.4-6 To determine the mecha-
nistic basis of DNMT3B-mediated methylation, a research 
team led by Hanna S. Yuan (Academia Sinica) solved the 
structures of apo and DNA-bound forms of DNMT3B. The 
diffraction data were collected at TPS 05A and TLS 15A1 of 
NSRRC.7 

Figures 1(a) and 1(b) show the overall structures of the 
apo and DNA-ribose bound DNMT3B-3L complex. Both 
these structures reveal a heterotetramer presenting a 
linear assembly of 3L–3B–3B–3L. The bound DNA is snug-
ly enclosed by the catalytic loop and the TRD loop of the 
DNMT3B dimer. Binding of DNA causes considerable con-
formational changes of these two loops (Figs. 1(c) and 
1(d)). In the catalytic loop, Val657 moves toward the DNA 
minor groove by ~1.3 Å upon DNA binding (Fig. 1(c)), 
whereas the disordered region (residues Ile781–Asn786) 
of the TRD loop in the apo form becomes well ordered in 
the DNA-bound form (Fig. 1(d)), as illustrated by the well 
defined electron density (Fig. 1(e)), and interacts with DNA 
at the major groove. The CpG site is thus clamped by the 
catalytic loop and TRD loop from two separate sides of the 
DNA molecule. In the structure of DNMT3B-3L bound with 
CpGpG DNA, the cytosine is flipped out and inserted into 
the catalytic pocket of DNMT3B. The conserved Val657 lo-
cated in the catalytic loop coordinates DNA bases surround-
ing the cytosine and stabilizes guanine G5' at the opposite 
stand on forming a hydrogen bond between its backbone 
carbonyl oxygen and the N2 atom of G5'. In the catalytic 
pocket, the flipped-out cytosine is located near C651 and 
forms hydrogen bonds with Ser649, Glu697, Arg731 and 
Arg733 (Fig. 1(f)). These particular interactions contribute 
to the cytosine-specific recognition of CpG sites by DNMT3B. 
Cys651 presumably represents the catalytic residue me-
diating a nucleophilic attack of the cytosine C6 position. 
As analyzed with a HpaII cleavage assay, substitutions of 
cysteine and valine at the 651 and 657 positions (C651A 
and V657G) cause complete and partial loss of enzymatic 
activity of DNMT3B, respectively (Fig 1(g)). Notably, apart 
from observing all residues and cofactors in the DNA-bound 
form structure, the authors also identified a proton-wire 
water channel comprising four water molecules linked via 
hydrogen bonds, located near the cytosine C5 position in 
both promoters of the DNMT3B dimer (Fig. 1(h)), which 

are likely to be responsible for the deprotonation from C5 
during cytosine methylation. Based on these observations, 
the authors proposed a complete working mechanism of 
cytosine methylation by DNMT3B (Fig. 1(i)). 

For guanine recognition in CpG sites by human DNMT3B, 
residue Asn779 located in the TRD loop specifically interacts 
with the G6 position of target CpG sites via a weak hydro-
gen bond (3.5 Å) between the Nδ atom of Asn779 and the 
O6 atom of G6 (Fig. 2(a)). Asn779 is conserved among  
DNMT3B and DNMT3A, but in DNMT3A the equivalent res-
idue of Asn779 (Asn838) does not contact G6. In contrast, 
G6 is coordinated with Arg836 via hydrogen bonds and 
water-mediated hydrogen bonds (Fig. 2(c)).6

Little is known about the structural basis of a flanking 
sequence preference of DNMT3B. DNMT3B exhibits a 
preference for TpCpGpG methylation, with a T residue at 
the −1 position and a G residue at the +1 position of its 
target CpG sites. Residue Asn779 not only interacts with 
the guanine (G6) in the CpG site, but also interacts remotely 
with the flanking guanine at the +1 position at distance 
3.9 Å between the Nδ and O6 atoms of G7 (Fig. 2(a)). The 
structure of DNMT3B in a complex with CpGpT DNA reveals 
that N779 continues to interact with G6 in the CpG site (the 
O6 atom), but releases its interaction with the flanking T 
as the distance between the Nδ atom of N779 and the O6 
atom of the thymine increases beyond 5.5 Å (Fig. 2(b)). 
Besides N779, residue K777 also makes van der Waals inter-
actions with the flanking guanine of the CpGpG site (Fig. 
2(a)). As analyzed with a methylation activity assay, wild-
type DNMT3B exhibited high methyltransferase activity at 
CpGpG sites (CpGpG ≈ CpGpA > CpGpT). Substitutions of 
asparagine at position 779 decreases the enzymatic activity 
of DNMT3B toward the CpGpG site. The substitution of 
Lys777 or both Asn779 and Lys777 causes a decrease of the 
enzymatic activity of DNMT3B toward CpGpG site greater 
than that caused by Asn779 substitution (Fig. 2(d)). K777 
is hence indicated to play a primary role and N779 a minor 
role in recognizing the flanking G residue, resulting in a 
sequence preference for CpGpG sites.

The authors found that, compared to that in the apo 
DNMT3A structure, the TRD loop in the DNMT3B apo 
structure is mostly visible, indicating that the TRD loop of 
DNMT3B is more stable than that of DNMT3A (Fig. 2(e)). 
This condition raises a speculation that the TRD loop might 
contribute to processive methylation by DNMT3B. The TRD 
loop (residues 772–789) in the DNMT3B-DNA complex is 
stabilized by residue Gln772, which forms a hydrogen-bond 
network with Ile774, Ser780, Lys782, Gln783 and Gly784 in 
both protomers of the DNMT3B dimer (Fig. 2(f)). The TRD 
loop (residues 831–848) of DNMT3A is, however, partial-
ly stabilized by residue Arg831, which forms a complete 
hydrogen-bonded network with Ile833, Ser839, Lys841 and 
Gln842 of only one of the two protomers (Fig. 2(g)). The 
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substitution of glutamine at position 772 in DNMT3B for 
arginine indeed makes the TRD loop less stable (Fig. 2(h)), 
as well as decreasing the processivity of methylation by 
DNMT3B (Fig. 2(i)).

The authors summarized the structural impact of DNMT3B 
mutations related to ICF syndromes (Fig. 2(j)), which might 
help to understand the underlying mechanistic details of 
this pathogenesis. 

In summary, three conclusions have arisen according to the 
structural and biochemical data. (1) The human DNMT3B 
catalytic domain performs a specific CpG methylation. (2) 
DNMT3B has a flanking sequence preference different from 
that of DNMT3A, which is mediated by Lys777 and Asn779 
located in the TRD loop. (3) DNMT3B adopts a TRD loop for 
processive methylation more stable than that of DNMT3A. 
Taken together, the mechanistic details of the methylation 
performed by DNMT3B are described through a structural 
elucidation of the DNMT3B catalytic domain. (Reported by 
Chao-Cheng Cho, Academia Sinica)

This report features the work of Hanna S. Yuan and her col-
leagues published in Nucleic Acid Res. 48, 3949 (2020).

Fig. 2: (a) Detailed protein-DNA interactions in the DNMT3B–3L–DNA (CpGpG) complex, (b) DNMT3B–3L–DNA (CpGpT) complex and (c) DNMT3A–3L–
DNA (ZpGpT) complex. (d) Methylation activities of DNMT3B and its mutants for 24-bp DNA containing CpGpG, CpGpA or CpGpT. (e) Superposi-
tion of the DNA-free form of catalytic domains of DNMT3A (pink) and DNMT3B (green). (f) Hydrogen-bonded networks in the DNMT3B–3L–DNA 
complex and (g) DNMT3A–3L–DNA complex. (h) Superposition of crystal structures of wild-type and Q772R DNMT3B–3L complex. Disordered 
regions in the TRD loop of the wild-type and Q772R DNMT3B–3L complex are represented with dotted brown or cyan lines, respectively. (i) 
Methylation activities of the wild-type and Q772R DNMT3B–3L complex for DNA of varied lengths. (j) Structure of the DNMT3B–3L–DNA complex 
revealing the locations of the ICF syndrome-related mutations that are shown as magenta spheres (left). Magnified view of the mutations that 
might affect cofactor binding (right). [Reproduced from Ref. 7] 

TPS 05A  Protein Microcrystallography 
TLS 15A1  IASW – Biopharmaceutical Protein Crys-
tallography
• Protein Crystallography
• Biological Macromolecules, Protein Structures, Life Science
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Y u-Ting Liu (National Chung Hsing University) and her 
collaborators recently revealed molecular mechanisms 

for the removal of Pb by Cyanidiales. Such releases of heavy 
metals due to anthropogenic activity have threatened the 
health of ecosystems. Lead (Pb) is a particularly dangerous 
chemical substance as it accumulates in not only organ-
isms but entire food chains. Once human beings become 
exposed to Pb, the brain and kidneys, of both adults and 
children, might be damaged. To improve the situation 
caused by release of Pb into environments, especially in 
acid wastewater and soil systems, the team of Liu and her 
coworkers developed Cyanidiales as a potential biomate-
rial for the removal of Pb. Cyanidiales (red microalgae) are 
capable of surviving in extreme environments (20−56 oC; pH 
0.5−5.0) with concentrated metals, allowing them to serve 
as promising green materials applied in metal remediation. 
An understanding of their mechanisms of metal detox-
ification has been limited. This work is hence the first to 
determine the capacity and related mechanisms of sorption 
of Pb(II) ions on Cyanidiales including Galdieria maximum 

Fig. 1: 2-D images for (a,b) Gm, (c,d) Cm, and (e,f) Cc with and without 
sorbed Pb. Sorbed Pb was 38, 214 and 298 mg g-1 on Gm, Cm and 
Cc. [Reproduced from Ref. 1]

(a) Inorganic species (b) Organic species (c) Results of LCF analyses

(d) Protein secondary structure in vivo of cell

Fig. 2: Pb LIII-edge X-ray absorption spectra of (a) inorganic and (b) organic Pb species as standard references used in linear combination fitting (LCF). (c) 
Results of LCF analyses to determine the Pb species on Gm, Cm and Cc on which Pb was sorbed at 38, 214 and 298 mg g-1, respectively. (d) Ratios 
of signal intensity for an α-helix (1652 cm-1) to a parallel β-strand (1631 cm-1) on protein secondary structure as a function of amount of Pb sorbed 
on Gm, Cm and Cc. [Reproduced from Ref. 1]

Lead (Pb) Contamination Improved by Cyanidiales
Molecular mechanisms for the removal of Pb by Cyanidiales: a potential biomaterial applied in 
thermo-acidic conditions.



Life Science 051

(Gm), Cyanidioschyzon merolae (Cm) and Cyanidium cal-
darium (Cc), which belong to varied genera. The maximum 
observed sorption of Pb(II) ions Cc, Cm and Gm were 298.4, 
214.0 and 38.2 mg g-1, respectively. 

Employing a transmission X-ray microscope (TXM) at TLS 
01B1, the team revealed that the darker shadows along 
with the cell outline in Gm with sorbed Pb implied that Pb 
generally distributed around the cell surface (Fig. 1(b)). 
In contrast, TXM images for Cm and Cc with sorbed Pb 
showed darker shadows that were scattered around the 
cell (Figs. 1(d) and 1(f)), indicating a plausible accumula-
tion in vivo for Pb. These significant variations in the tomog-
raphy of Cyanidiales upon sorption of Pb(II) ions indicated 
that alternative mechanisms for Pb tolerance might be 
adopted by individual Cyanidiale genera. 

Utilizing X-ray absorption spectra (XAS) at TLS 17C1 and SP 
12B1, the team found that the Pb inventory in all samples 
was dominated by both inorganic [Pb5(PO4)3Cl] and or-
ganic [Pb-polysaccharide, Pb-thiol peptide and Pb-organic 
functional group] Pb species. Whereas Pb5(PO4)3Cl was 
the major specie on Gm, the proportion of the Pb-organic 
functional group was the major specie on Cm. Noteworthi-
ly, the great proportion of Pb-thiol peptide on Cc plausibly 
implies a unique mechanism of defence against the toxicity 
of heavy metals, leading to the greatest capacity of Pb(II) 
ion sorption on Cc.

Fig. 3: Conceptualization of four mechanisms of Pb retention on Gm, Cm and Cc: the defence line 
provided by polysaccharide, inorganic Pb-PO4 precipitation, organic Pb complexation con-
comitant with transport to cell vacuoles and specific thiol-Pb chelation involved in disruption 
of protein secondary structures. [Reproduced from Ref. 1]

To determine the changes in functional groups of Cyan-
idiales after Pb(II) ion sorption, the team used synchro-
tron-based Fourier-transform infrared (FTIR) spectra at TLS 
14A1. Due to the heterogeneous morphology of algae 
surfaces, changes of the α-helix were normalized to that 
of a β-strand to obtain accurate trends caused by sorption 
of the Pb(II) ion. The metallothionein protein that regu-
lates metal homeostasis and imparts a defence against 
heavy-metal toxicity through intracellular sequestration 
contains N-terminal and C-terminal motifs joined by α-helix 
and β-strand structures. It is thus reasonable to postulate 
the α-helix/β-strand ratio as the major indicator responsible 
for metal stress tolerance in Cyanidiales. These structural 
changes in the secondary structure of proteins implied the 
denaturation of existing proteins or the variation in protein 
distribution during apoptosis. An inverse relation hence 
indicated the disruption or modification of the α-helix 
by the Pb stress (Fig. 2(d)). Among tested Cyanidiales, Cc 
showed a unique response for the metal tolerance, wherein 
the α-helix was prone to unfold as the sorbed Pb increased. 
Such protein denaturation in vivo agreed with the greatest 
proportion of unordered structure in the sample of Cc.

In summary, Cyanidiales generally perform four mecha-
nisms against Pb toxicity (Fig. 3); individual defence re-
sponses were highlighted by specific Cyanidiales species. 
The knowledge provided here could improve the appli-
cation of Cyanidiales in environmental remediation as an 
innovative green technology. (Reported by Yu-Ting Liu, 
National Chung Hsing University)

This report features the work of Yu-
Ting Liu and her collaborators pub-
lished in Chem. Eng. J. 401, 125828 
(2020). 

TLS 14A1  BM – IR Microscopy
TLS 17C1  W200 – EXAFS
TLS 01B1  SWLS – X-ray Microscopy
SP 12B1  BM – Materials X-ray Study
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• Environmental and Earth Science, 

Biological Science, Chemistry 
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C AMP and cGMP are second messengers that play a crit-
ical role in signal transduction pathways that regulate 

many cellular processes. The levels of cAMP and cGMP are 
tightly controlled through their synthesis by nucleotidyl cy-
clases and hydrolysis by cyclic nucleotide phosphodiesteras-
es (PDEs). The human genome encodes 21 PDE genes that 
are divided into 11 families, PDE1–11, based on sequence 
similarity, substrate specificity and regulatory properties. 
Alternative splicing of mRNA or multiple promoters and 
transcription-starting sites further generates more than 100 
PDE isoforms that vary in tissue and subcellular distribution.

PDEs have been considered main therapeutic targets for a 
long time; numerous PDE inhibitors have been developed 
to treat various diseases. For example, PDE3 inhibitor milri-
none and PDE4 inhibitor roflumilast are widely used to treat 
heart failure and particular inflammatory lung diseases, 

respectively.1,2 The presence of unwanted side effects result-
ing from the inability to target individual PDE isoforms is, 
however, the major limiting factor to success. For instance, 
the three first-generation PDE5 inhibitors (sildenafil, varde-
nafil, tadalafil) to treat erectile dysfunction, benign prostat-
ic hyperplasia and pulmonary arterial hypertension might 
cross-inhibit PDE1, PDE6 and PDE11 and result in visual 
disturbance, hearing loss and dyspepsia.3-5 The exceptional 
specificity showed by FDA-proved second-generation PDE5 
inhibitor avanafil is hence remarkable.6 

To understand the detailed mechanism of avanafil’s supe-
rior isoform selectivity, a research team led by Nei-Li Chan 
(National Taiwan University) solved the crystal structure of 
PDE5 in a complex with avanafil by X-ray crystallography.7 
The X-ray diffraction data were collected at TLS 15A1 and 
TLS 13C1 of NSRRC. The final model contains the entire 

Fig. 1: (a) Overall structure of the PDE5–avanafil complex. The avanafil is represented as green sticks. Mg2+ and Zn2+ ions are shown as green and purple 
spheres; sulfur and oxygen atoms of SO4

2– are shown as brown and red spheres. (b) Chemical structure of avanafil and 2Fo – Fc electron density (con-
toured at 1.0 σ) for the bound avanafil. (c) Schematic diagram of interactions between avanafil and PDE5. (d) The carbonyl oxygen of A779 from 
helix α14 forms a halogen bond with the chlorine atom of the 3-chloro-4-methoxybenzene ring of avanafil. (e) The side chains of A779, V782 and 
A783 enclose a hole with the carbonyl oxygen of A779 at the bottom to accommodate the chlorine atom of avanafil. [Reproduced from Ref. 7]

(a)

(d) (e)

(b) (c)

Molecular Basis of Avanafil’s Superior Isoform  
Selectivity Toward Phosphodiesterase 5A1
Phosphodiesterase 5A1 (PDE5) is a key target to treat cardiovascular diseases and erectile dys-
function. In this report, based on the crystal structure of the PDE5-avanafil complex, the un-
derlyng mechanism of the isoform selectivity is revealed and a new concept of structure-based 
drug design is proposed.
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PDE5 catalytic domain, one avanafil, one Zn2+, one Mg2+ and 
one sulfate (Fig. 1(a)). A distinct feature of avanafil is the 
employment of a halogen-substituted benzyl moiety, the 
3-chloro-4-methoxybenzene ring, to mediate target bind-
ing (Fig. 1(b)). The interactions between PDE5 and avanafil 
are mainly through noncovalent interactions of multiple 
types and a unique, avanafil-specific, halogen bond (Fig. 
1(c)). The hydrogen bonds are shown as green dashed 
lines, and residues making van der Waals interactions with 
avanafil are shown in red arcs with spokes. A779, of which 
the carbonyl oxygen forms a halogen bond with avanafil, is 
shown as a green arc with spokes. A water molecule (cyan) 
bridges the interaction between avanafil and α16. The chlo-
rine atom of this aryl halide moiety is located atypically near 
(3.0 Å) the carbonyl oxygen of A779 (Fig. 1(d)), indicating 
the formation of a halogen bond between Cl and O. A key 
feature of this halogen bond formed between avanafil and 
PDE5 is that A779, the halogen-bond acceptor, belongs to 
helix α14 (Fig. 1(d)). This finding illustrates that particular 
main-chain carbonyl-oxygen atoms from α-helices can 
participate in protein−ligand interactions through acting as 
a halogen-bond acceptor. Furthermore, this chlorine atom 
makes van der Waals interactions with side chains of nearby 
residues (A779, V782 and A783) that form a binding pocket 
(Fig. 1(e)). This finding demonstrates that the accessibility 
of such a carbonyl oxygen depends on the width of the 
hole entrance that is determined by the sizes and shapes of 
the surrounding side chains.

In summary, the crystal structure of the PDE5−avanafil 
complex was determined at resolution 1.9 Å. Analysis of 
the protein−drug interactions reveals the structure−activity 
relation of avanafil and provides a molecular basis of its 
superior isoform selectivity. Moreover, a halogen bond was 
observed between the aryl halide moiety of avanafil and 
a backbone carbonyl oxygen from an α-helix flanking the 

drug-binding site, which illustrates the feasibility of exploit-
ing the α-helix backbone in structure-based drug develop-
ment. (Reported by Chia-Liang Lin)

This report features the work of Nei-Li Chan and his col-
leagues published in J. Med. Chem. 63, 8485 (2020).

TLS 15A1  Biopharmaceuticals Protein Crystallography
TLS 13C1  SW60 – Protein Crystallography
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T he following research highlights published by the 
NSRRC user communities during year 2020 are selected 

for Energy Science. These highlights outline synchrotron 
X-ray techniques that are suitable for addressing research 
questions in this domain, as well as future directions for 
the field. For example, the science highlights from NSRRC 
beamlines TLS 16A1 and TLS 20A1 show how the X-ray ab-
sorption technique can reveal the reaction mechanisms for 
Li+ transport for applications of a lithium-ion battery. The 
selection from TPS 44A demonstrates how operando X-ray 
absorption spectra can illuminate the defect mechanism 
and investigate the dynamic behavior of defect sites during 
an electrocatalytic reaction. The highlight from TLS 01C1 
shows that simultaneously introducing single-atomic Ru 
into Mo2CTX MXene nanosheets plays a significant role as 
active sites for catalytic intermediate adsorption and elec-
tron back-donation centers, which can effectively promote 
N2 activation and decrease the thermodynamic energy 
barrier of the first hydrogenation step, thereby facilitating 
further hydrogenation of absorbed N2. The last highlight 
from TLS 01C1, TLS 01C2 and TLS 24A1 reveals that a 
sub-nanometer heterogeneous interface induces a lattice 
strain and an electronegativity gradient in neighboring 
local domains, thus enabling a high selectivity and activity 
for CO2 reduction in nanocatalysts. (by Yan-Gu Lin)

Energy  
Science
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Black Phosphorus Composites with Engineered  
Interfaces for High-Rate High-Capacity Lithium Storage 
Li ion battery is one of the most promising high energy density storage technologies for power-
ing the green society. The prospect is bright, however, issues are still pending to be solved.

Fig. 1: Steps for the ion relocation between cathode and anode in a Li-ion battery.

E nergy density and storage rates are the deciding fac-
tors affecting widespread applications of a lithium-ion 

battery (LIB), for which the energy barriers and diffusion 
coefficient of Li+ ions between the inter- and intra-component 
interfaces are critical issues. Among these interfaces, there 
are more than ten steps for Li+ ion relocation (Fig. 1) for 
performance optimization, including (1) Li+ ion exchange 
between lattice sites and vacated sites in the active materi-
al, (2) Li+ ion relocation kinetics (barrier) between the active 
material and the solid electrolyte interface (SEI), (3) rate of 
Li+ ion exchange (diffusion coefficient) in the solid electro-
lyte interface, (4) Li+ ion chelation by additives, (5) diffusion 
of chelated Li+ ions (Li+-C) in the electrolyte, (6) Li+-C incor-
poration in the separator, (7) ion relocation from Li+-C to 
carbon, (8) channel formation through formation of a Li+ 
ion pillow between carbon layers, (9) Li+ ion relocation in 
the channel, and (10) Li metal plating (if the rate of Li+ ion 
relocation in the channel is less than that of step 7).      

The interfacial resistance of the SEI and a new class of 
configuration design are effective strategies to suppress the 
energy barrier (overpotential drop) and even to decrease 
the number of ion relocation interfaces, consequently 
making a significant breakthrough of the LIB performance. 
With these aforementioned understandings,  Hengxing Ji 
(University of Science and Technology of China, China) and 
his international collaborators proposed a new interfacial 

engineering technology to enable high-rate and high- 
capacity lithium storage by coating covalently bonded black 
phosphorus (BP)-graphite particles with electrolyte-swollen 
polyaniline as nanoscaled composites. Such a design yields 
a stable solid–electrolyte interphase and inhibits the contin-
uous growth of poorly conducting Li fluorides and carbon-
ates to ensure efficient Li+ transport (Fig. 2) By collabo-
rating with Cheng-Hao Chuang (Tamkang University) and 
Ting-Shan Chan (NSRRC), the corresponding mechanisms 
for Li+ transport were deduced through use of X-ray absorp-
tion spectral analysis at the P K-edge in situ at TLS 16A1 of 
the NSRRC. Accordingly, BP can deliver a gravimetric capac-
ity 2596 mA·h g−1 (7, 8) at a 1C rate and is among the best 
three records for existing materials (note that the capacities 
for the first two materials are 4200 mA·h g−1 for Si and 
3860 mA·h g−1 for Li metal) through a three-electron alloy-
ing reaction with Li+ ions. Most importantly, such a novel 
characteristic implements a rapid charge-discharge path for 
Li+ storage with high columbic efficiency of the BP-graphite 
composite at the 2C and 4C rates without degradation, 
therefore shining light on widespread applications of elec-
tronically powered public transport in the future. 

The Li-O2 counterpart is a brand new design with fewer 
interfacial conjunctions in a LIB. It could be a promising 
solid-state prototype to resolve the pending controversy 
between high safety and high-rate considerations. However, 
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with limited fundamental under-
standing, the performance of such a 
configuration for Li+ storage with high 
capacity is yet to be improved. For this 
issue, Yi-Chun Lu and his colleagues 
utilized XANES TEY spectra at the O 
K-edge at TLS 20A1 for Li2O2-prefilled 
VC and Ru/VC electrodes in DG and 
DMSO electrolyte to reveal the Li+ 
translocation paths in the Li-O2  
battery (Fig. 3). Through cross- 
referencing the O K-edge spectra from 
samples in varied post-potential states 
in the electrode, their results provide 
systematic information to retrieve the 
chemical evolution of Li+, and success-
fully reveal the potential window that 
highlights the strategies for simulta-
neous decrease of charge potential 
and bypass of LiO2 (e.g., redox media-
tor) formation to enable efficient and 
reversible Li−O2 batteries. (Reported 
by Tsan-Yao Chen, National Tsing Hua 
University)

Fig. 2: Structure of (BP-G)/PANI. (a) Schematic of (BP-G)/PANI. (b,c) SEM image (b) and Raman 
spectrum (c) of (BP-G)/PANI. (d) TEM image showing the crystalline domains of BP and a 
graphite flake covered with PANI. (e) High-resolution TEM image showing the merging of 
basal planes of BP and graphite. Every two BP layers match with three graphene layers. (f) 
Dark-field TEM image and P, C, and N elemental maps of (BP-G)/PANI. [Reproduced from Ref. 
1]

Fig. 3: O K-edge XANES TEY spectra for Li2O2-prefilled VC and Ru/VC electrodes in DG 
and DMSO electrolyte. Spectra for Li2O2-prefilled VC electrode in (a,b) DG and 
(c,d) DMSO electrolyte. Spectra for Li2O2-prefilled Ru/VC electrode in (e,f) DG 
and (g,h) DMSO electrolyte. (i) Schematic illustration of superoxide reactions 
upon Li2O2 oxidation in Li−O2 batteries. [Reproduced from Ref. 2]

( i )
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This report features the work of Hengxing Ji and his collab-
orators published in Science 370, 192 (2020), and the work 
of Yi-Chun Lu and his collaborators published in ACS Energ. 
Lett. 5, 1355 (2020). 

TLS 16A1  BM – Tender X-ray Absorption, Diffraction
TLS 20A1  BM – (H-SGM) XAS
• XANES, EXAFS
• Materials Science, Chemistry, Condensed-matter Physics, 

Environmental and Earth Science
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T he synthesis of ammonia (NH3) from naturally abundant nitrogen (N2) is meaningful for agricultural and industrial pro-
duction, but NH3 is predominantly synthesized with the traditional Haber-Bosch process in industry. This process involves 

high temperatures and pressures, and causes severe CO2 emission because of the hydrogen feedstock from the steam refor-
mation of natural gas. The electrochemical nitrogen reduction is regarded as an energy-saving and environmentally compati-
ble process, which can synthesize NH3 under ambient conditions utilizing renewable solar or wind energy. Unfortunately, the 
electrochemical nitrogen reduction reaction (NRR) generally suffers from small ammonia yields and poor Faradaic efficiency 
because of extremely weak N2 adsorption and the sluggish cleavage of the strong N≡N bond. The rational design of active 
catalytic centers of efficient NRR electrocatalysts that can efficiently decrease the large activation barrier of N≡N and acceler-
ate its dissociation is thus still a highly challenging but vitally important issue.

Yongwen Tan (Hunan University, China) and his coworkers recently reported single-atomic Ru-modified Mo2CTX MXene 
nanosheets (denoted as SA Ru-Mo2CTX) for efficient electrocatalytic NRR under ambient conditions. The SA Ru-Mo2CTX cat-
alyst as prepared with an ultralow single-atom Ru loading exhibits high NRR activity with a great rate of NH3 yield, Faradaic 
efficiency and excellent stability, out-performing most reported NRR catalysts. Employing operando X-ray absorption spectra 
(XAS) at TLS 01C1,1 simultaneously introducing single-atomic Ru into Mo2CTX MXene nanosheets plays a significant role as 
active sites for catalytic intermediate adsorption and electron back-donation centers, which can effectively promote N2 acti-
vation and decrease the thermodynamic energy barrier of the first hydrogenation step, thereby facilitating the further hydro-
genation of absorbed N2. For example, the Ru K-edge operando XAS measurements of the SA Ru-Mo2CTX nanosheets were 
performed under NRR working conditions, as shown in Fig. 1. It was proposed that a N2 molecule preferentially adsorbs on 

Fig. 1: Operando X-ray absorption spectra. (a) Normalized operando Ru K-edge XANES spectra for SA Ru-Mo2CTX under various conditions (applied 
voltage vs. RHE) in K2SO4 solution (0.5 M); insert is a magnified image. (b) Corresponding FT-EXAFS spectra derived from (a). (c) Oxidation state of 
Ru and radial distance of the main signal under various conditions. [Reproduced from Ref. 1] 

Decreasing Emissions from Ammonia Production with 
Electrolysis 
Single‐atom ruthenium-modified Mo2CTX MXene serves as an efficient electrocatalyst to fix nitro-
gen under ambient conditions. 
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Ru, accompanied by electron delocalization and electron transfer from Ru 3d orbitals to Nads 2p orbitals, thus implementing 
activation. This activated N2 can be reduced continuously via hydrogenation at applied potentials.

In summary, the authors developed a chemically activated MXene with rich Mo-deficit defect sites with spontaneous Ru 
atomic doping for high-performance NRR catalysis under ambient conditions. The specific mechanism of this excellent ac-
tivity was unveiled through operando XAS measurements. This work opens an avenue to rational design of MXene-based 
electrocatalysts and highlights the atomic-doping engineering strategy to manipulate effectively the catalytic performance of 
electrocatalysts. (Reported by Yan-Gu Lin) 

This report features the work of Yongwen Tan and his collaborators published in Adv. Energy Mater. 10, 2001364 (2020). 

TLS 01C1  SWLS – EXAFS
•  XANES, EXAFS
•  Materials Science, Chemistry, Condensed-matter Physics, Environmental and Earth Science
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Heterogeneous Metal-Metal and Metal-Oxide Interfaces 
of Nanocatalysts Enable CO2 Reduction with High  
Performance
Sub-nanometer heterogeneous interface induces lattice strain and electronegativity gradient in 
neighboring local domains and thus enabling the high selectivity and activity of CO2 reduction in 
nanocatalysts. 

M itigation of the global energy crisis and adverse 
climatic impacts (increasing emission of carbon 

dioxide, CO2) relies on the implementation of a sustainable 
energy economy. In this context, catalytic transformations 
of CO2 to fuel/chemical feedstocks is the greatest accom-
plishment to diminish the carbon emission by industry. The 
most effective techniques for CO2 reduction (CO2R) include 
thermal and electrochemical reactions that can respectively 
be adopted to recycle industrial exhaust gas and to the con-
version of green energies. Regardless of the aformentioned 
techniques, metal-metal and metal-oxide interfaces in a sin-
gle nanoparticle have been proved to be the most efficient 
geometric design among heterogeneous catalysts for CO2R. 

To this end, in thermal CO2R, Tsan-Yao Chen from National 
Tsing Hua University, with the cooperation of Xin Tu (Uni-
versity of Liverpool, UK), Dai Sheng (East China University of 
Science and Technology, China), Kuan-Wen Wang (National 
Central University, Taiwan), Jr-Hau He (City University of 
Hong Kong, Hong Kong) and Chia-Hsin Wang (NSRRC), has 
recently developed a hierarchically structured bimetallic 
nanocatalyst (NC) comprising a metallic Pd-nanocluster 
adjacent to local tetrahedrally symmetric Ni-oxide and a 

thin layer of tetramethyl orthosilicate decoration (denoted 
as NiOTPd-T) that was synthesized by sequential control of 
the metal-ion adsorption followed by wet chemical reduc-
tion on the carbon nanotube support at room temperature 
(Fig. 1(a))1. By cross-referencing the results of the X-ray 
photoemission spectrum in situ (Figs. 1(b) and 1(c)), other 
X-ray spectroscopic and electron microscopic techniques, 
they confirmed the local synergetic collaboration induced 
at the interface between metallic Pd and Ni oxide, which 
enables the intermediate steps in the methanation of CO2. 
Compared to a pure Pd NC, the NiOTPd-T NC exhibited a 
superior yield of CH4 production, 1905.1 μmol/gcatalyst at 300 
oC. Moreover, the NiOTPd-T NC surpassed existing catalysts 
with the same loading and composition and of any geo-
metric configuration.  In this study, NSRRC beamlines TLS 
01C1 and TLS 24A1 were used.

Furthermore, in electrochemical CO2R, Dr. Hao-Ming Chen 
(National Taiwan University) and his co-workers developed 
silver(Ag)-modified copper (Cu) nanowires as effective 
electrocatalysts towards electrochemical CO2 reduction 
(CO2RR).2 Cu68Ag32 nanowires as prepared demonstrated 
the best performance towards methane with Faradaic 
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Fig. 1:  (a) Schematic representation of NiOTPd-T NC. X-ray photoelectron spectra (APXPS) in situ at 
ambient pressure of NiOTPd-T at (b) Ni 2p and (c) Pd 3d regions. [Reproduced from Ref. 1]

Fig. 2:  (a) Faradaic efficiency of methane of a Cu68Ag32 catalyst and tensile strain at planes (111) and (200) caused by a CuAg alloy as a function of po-
tential. XANES spectra of (b) Ag K-edge for silver-modified Cu nanowire samples and (c) Cu K-edge for Cu nanowires, silver-modified Cu nanowire 
samples and corresponding references. [Reproduced from Ref. 2]

efficiency ~60%, which is nearly three times that of primitive Cu nanowires (Fig. 2(a)). Most importantly, it surpasses the most 
efficient catalysts for producing methane. Using XANES techniques in situ at NSRRC beamlines TLS 01C1 and TLS 01C2, they 
unveiled the valence state of Cu at the potential range of forming a CuAg alloy and tracked the structural changes to estab-
lish a structure-performance relation.

In brief, both of these pioneer works provide a deep understanding of NC design based on metal-metal and metal-oxide 
heterojunctions for both thermal and electrocatalytic conversion of CO2. (Reported by Tsan-Yao Chen, National Tsing Hua 
University)

This report features the works of (1) Tsan-Yao Chen 
and his collaborators published in J. Mater. Chem. A  8, 
12744 (2020) and (2) Hao Ming Chen and his collab-
orators published in J. Am. Chem. Soc. 142, 12119 
(2020). 

TLS 01C1  SWLS – EXAFS
TLS 01C2  SWLS − X-ray Powder Diffraction
TLS 24A1  BM − (WR-SGM) XPS, UPS, XAS, 
APXPS
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Fig. 1: Operando XAFS spectra for the Co K-edge of (a) pure Co3O4 and (b) VO–Co3O4. The insets 
show a detailed view of the dotted boxes, respectively. (c) Structural coherence change in 
the EXAFS coordination number of Co ions under an applied potential relative to the OCP 
state. [Reproduced from Ref. 1]

Reconstructions Revive Active Centers
Surface reconstruction can be an effective strategy to improve the performance of catalysts. 

H ydrogen energy obtained from a water-splitting reaction is a green and renewable source of energy, but the sluggish 
kinetics of the water-splitting half reactions—the hydrogen and oxygen evolution reactions (HER and OER, respectively) 

that can be performed under both acidic and alkaline conditions, are a major drawback. The development of efficient and 
robust catalysts to split water is hence a critical topic for the energy-conversion field. Many recent studies revealed that the 
presence of defects, such as vacancies, boundaries and stacking faults in nanomaterials can promote significantly their pho-
tocatalytic or electrocatalytic activity, but the exact role of a defect structure in catalysts for OER or HER, which is a dynamic 
process, remains unclear. Study of the structure-activity relation of defective electrocatalysts under operando conditions is 
thus crucial for an understanding of their intrinsic reaction mechanisms and the dynamic behavior of defect sites.

Shuangyin Wang (Hunan University, China) and his coworkers recently constructed pure spinel Co3O4 and VO-rich Co3O4 as 
catalyst models to study the defect mechanism and to investigate the dynamic behavior of defect sites during the electrocat-
alytic OER with various operando characterizations. From operando X-ray-absorption fine-structure (XAFS) spectra recorded 
at TPS 44A,1 the results demonstrated that the oxygen vacancies were filled first with OH• for VO–Co3O4 and facilitated pre- 
oxidation of low-valence Co and promoted reconstruction or deprotonation of intermediate Co–OOH•. For example, Co 
K-edge data were collected under the critical potential (recorded at OCP to 1.75 V vs. RHE), as plotted in Fig. 1. The valence 
state of Co ions in VO–Co3O4 has a more rapid oxidation than the slow rise of the valence state of Co ions in pure Co3O4. When 
the anode potential continues to increase and the surface charge cannot oxidize Co(IV) to a higher valence state, electrons 
are removed from surface oxygen; this effect causes oxygen to escape, accompanied by structural reconstruction. Because of 
the stronger attraction of the Co sites for the O2p electron at a high anode potential, the deprotonation of the medium OH– 
(M–OH•) becomes facilitated. Because of the enhanced electrophilicity of the exposed cobalt sites, VO is hence likely to pro-
mote the adsorption of OH ions on active Co sites to form adsorbed M–OH• species and subsequently prompt the deprotona-
tion at a low potential (i.e., 1.45 V) to form active oxygen species (Co–OOH•) on the surface, which accounts for the enhanced 
OER activity. The surface chemistry of VO–Co3O4 is clearly more easily changed through reconstruction from the oxide into 
Co–OOH• intermediate species. 

Xiaoqing Huang (Soochow University, 
China) and his coworkers have recent-
ly made a landmark discovery, success-
fully developing a highly efficient and 
pH-universal Ir-based electrocatalyst 
for water splitting. It was determined 
that the reconstruction of IrTe2 hollow 
nanoshuttles (HNS) can be regulated 
on adjusting the potential during 
electrochemical dealloying, in which 
mild and high potentials lead to the 
formation of IrTe2 HNS with a metal Ir 
shell (D‐IrTe2 HNS) and an IrOx surface 
(DO‐IrTe2 HNS), respectively. Record-
ing operando X-ray absorption spectra 
(XAS) at TPS 44A,2 the authors investi-
gated the evolution of their electronic 
structure during the electrocatalysis 
reaction. The operando XAS measure-
ments allowed them to investigate 
the evolution of electronic structure 
on the surface of the catalysts through 
the unique hollow structure of HNS, 
as shown in Fig. 2. The results  
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Fig. 2: Local structural analysis of D-IrTe2 and DO-IrTe2 HNS. (a) Normalized Ir L3-edge XANES profiles of DO-IrTe2 and D-IrTe2 HNS. The profiles of pristine 
IrTe2 HNS, commercial Ir/C and IrO2 are included as references. Normalized XANES profiles of (b) D-IrTe2 HNS, (c) Ir/C, (d) DO-IrTe2 HNS, and (e) 
IrO2 at varied potential. The dotted lines in (b)–(e) represent the profiles obtained when the applied potential was decreased to the initial value. 
(f,g) k3-Weighted Fourier transforms of EXAFS profiles of DO-IrTe2 HNS and D-IrTe2 HNS. The profiles of bulk IrTe2, Ir/C, and rutile-type IrO2 are 
included as references. k3-Weighted Fourier transforms of EXAFS profiles of (h) IrO2 and (i) DO-IrTe2 HNS at varied potentials. The vertical dashed 
lines indicate the Ir–O (grey) and Ir–Ir (blue) radial distances of IrO2 and Ir/C, respectively. (j) The Ir–O distance in DO-IrTe2 HNS and IrO2 was deter-
mined with EXAFS analysis data as a function of the applied potential. [Reproduced from Ref. 2] 
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demonstrated that the generation of defects in D‐IrTe2 and DO‐IrTe2 HNS during electrochemical reconstruction could reg-
ulate the local coordination environment and electronic structure of Ir, and thus boost the electrochemical water-splitting 
reaction.

Shaohua Shen (Xi’an Jiaotong University, China) and his coworkers recently developed also a ternary nanostructured α-Fe2O3/
Au/TiO2 film for photoelectrocatalytic water splitting. Under simulated solar illumination, the photoanode as prepared exhib-
ited a four-fold increase in photocurrent density relative to bare α-Fe2O3. Recording soft XAS at TLS 20A1,3 Shen’s team eluci-
dated the origin of the enhancement and the underlying mechanisms determining the photoelectrocatalytic water-splitting 
performances, as shown in Fig. 3. Based on systematic investigations, it is proposed that Au NP extract photoholes from the 
bulk of an α-Fe2O3 core and then shuttle them to the outer TiO2 overlayer; this TiO2 overlayer concurrently efficiently captures 
and stores the photoholes and facilitates the hole injection into the electrolyte. The remarkably improved photoelectrocat-
alytic water-splitting performance of an α-Fe2O3/Au/TiO2 photoanode is thus attributed to the significant suppression of 
recombination of bulk and surface charge by means of the relayed pumping of the photogenerated charge carriers through 
the photoanode and electrolyte interfaces reconstructed by Au NP and the TiO2 overlayer.

Fig. 3: XAS of (a) Fe L-edge, (b) Ti L-edge, and (c), (d) O K-edge; right part of (a) and left part of (d) are the corresponding enlarged regions marked 
with dashed boxes. (e) Ti L-edge and (f) Fe L-edge in darkness. Peaks in (e) are deconvoluted into three components (peaks A, B and C); the solid 
lines in the inset represent the tested data and the circles indicate the fitted spectra. (g) O K-edge of α-Fe2O3/Au/TiO (red solid line) and a fitted 
spectrum (open solid circles) calculated from a linear combination of spectra of α-Fe2O3/Au and α-Fe2O3/TiO2. [Reproduced from Ref. 3]
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In summary, these three works here offer an ideal model of interface reconstruction at the atomic and electronic structures 
for the water-splitting reaction. These could promote the fundamental research for the design of efficient catalysts via inter-
face engineering. (Reported by Yan-Gu Lin) 

This report features the work of Shuangyin Wang and his collaborators published in J. Am. Chem. Soc. 142, 12087 (2020); the 
work of Xiaoqing Huang and his collaborators published in Adv. Funct. Mater. 30, 2004375 (2020); and the work of Shaohua 
Shen and his collaborators published in Appl. Catal. B-Environ. 260, 118206 (2020).

TPS 44A Quick-scanning X-ray Absorption Spectroscopy
TLS 20A1 BM – (H-SGM) XAS 
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A ir, soil and water on our planet are much contaminat-
ed through over-industrial development. Continuing 

lives are so crucial, and strongly connected to the vital me-
dium in the environment; nevertheless, all human beings 
are threatened by the counterattack from an environment 
worse than ever before after the enjoyment of ease and 
comfort resulting from industrial development. The grand 
challenges for Earth and environmental issues focus on the 
vital elements in a sustainable environment for life itself, in-
cluding air, soil and water, especially those elements related 
to dangerous air quality induced by PM2.5, PM2.5-associated 
metals, and the soil and aquatic media contaminated with 
heavy metal ions. Synchrotron-based technology provides 
opportunities to resolve the questions induced or stimu-
lated by the consequences of industrial activity. 

Dedicated beamlines of NSRRC provide a semi-coherent 
and ultra-bright light source for identification of func-
tional groups, elemental analysis, elemental oxidation 
states, elements in varied chemical structure sites, and 
spatially resolved confocal IR spectral imaging and X-ray 
3D tomographic imaging with micrometre and nanometre 
resolution, respectively. The dedicated end-stations of syn-
chrotron-based X-ray diffraction at TPS 09A, X-ray nano- 
diffraction at TPS 21A, transmission X-ray microscopy 
at TLS 01B1, extended X-ray-absorption fine-structure 
(EXAFS) spectroscopy at TLS 01C1, tender X-ray absorption 
and diffraction at TLS 16A1, X-ray absorption near-edge 
structure and EXAFS at TLS 17C1 and IR microscopy at 
TLS 14A1 are advanced technologies to analyze chemical 
elements or functional groups of chemical substances and 
to provide IR 2D-spectral imaging and X-ray phase-contrast 
3D-tomographic imaging for environmental contamination 
targets and remnants. (by Yao-Chang Lee)

Environ-
mental 
and Earth  
Science
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P M2.5 is considered a health high-risk factor in the components of air pollutants, which can directly enter the respiratory 
system, leading to 4.2 million deaths per year. An air-quality index is currently used to define the air quality, which is 

predicted using the level of six atmospheric pollutants, including PM2.5, PM10, SO2, NO2, CO, and O3. The PM2.5 sampling period 
was from March 2016 to February 2017 in the Yangtze River Delta (YRD) and Pearl River Delta (PRD) regions. One 24-hour 
PM2.5 sample was collected weekly in all locations of these YRD and PRD regions; monthly sampling was undertaken for Lishui 
in the YRD region. PM2.5 was indicated to be associated with toxic trace metalloids and organics (e.g., polycyclic aromatic 
hydrocarbons), significantly increasing health risks. The accumulated evidence indicates that transition metals in fine particles 
are closely associated with oxidative DNA damage despite their small mass relative to that of other components. PM2.5 sam-
ples were analyzed, including organic carbon, elemental carbon (EC), water-soluble ions, total metalloids, and bio-accessible 
metalloids.

The health risks of inhalation of the sampling sites caused by PM2.5-associated metal(loid)s were predicted on a basis of an 
annual average of bio-accessible concentrations of metallic elements Fe(III), Mn(II), V(V), Ni(II), Cr(III), As(V), Cu(II), Pb(II), Zn(II) 
and Cd(II), focusing on both the carcinogenic risks and non-carcinogenic risks for adult residents. Regarding the effect po-
tency of various metals, the benchmark from the USA Environmental Protection Agency (USEPA), correlated with the use of 
the inhalation unit risk (IUR) and reference concentration (RfCi) of metals in their most toxic form is a common practice in risk 

Fig. 1: Toxicity potency of metal ions about their speciation. (a) Correlation between effect concentration (ECIR1.5) for reactive-oxygen-species (ROS) 
induction (M) of various metal ions and IUR (mg/m3)-1, as well as the reference concentration (mg/m3) via inhalation (RfCi) of various metals 
specified in the documents of USEPA (2018) and other national standards. The ECIR1.5 data of the metal ions herein are based on particular 
kinds of speciation; (b) presents the dominant speciation of arsenic in three PM2.5 samples with large concentrations of As(III) and As(V) in the 
semirural-industrial site (Heshan) in PRD and one in the suburban-industrial site (Pukou) in YRD, illustrated by XANES spectra (black solid line). 
The red dotted lines represent the LCF results. [Reproduced from Ref. 1]

assessments, shown in Fig. 1(a). Arsenic shows great dis-
parities in toxicity between various forms; inorganic As(V) 
was observed to be the predominant species, accounting 
for over 80% of the total arsenic content of airborne parti-
cles in urban areas. To explore the formation of molecular 
species and total arsenic ion (As(III) and As(V)) in a PM2.5 

Health Risk-Oriented Source Apportionment of  
PM2.5-Associated Trace Metals
Particulate matter (PM2.5) comprises suspended particulates of diameter 2.5 µm or less in aerody-
namic diameter in the atmosphere. Most emission sources of PM2.5 are contributed from human 
activity, seriously impacting human health by direct inhalation. Xiangdong Li et al. investigated 
the PM2.5-associated metals in two regions of high activity, YRD and PRD regions in China. The re-
sulting carcinogenic risk that these elements posed was greater in YRD than in PRD. An increased 
contribution from the emissions of industrial activity was observed in the YRD region, but both 
traffic and non-traffic emissions from the burning of coal, waste and biomass were dominant 
sources of cancer and non-cancer risks posed by metals in both regions.
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Fig. 2: Quarterly variations in major chemical components analyzed in PM2.5 in PRD and YRD regions of 
China. [Reproduced from Ref. 1]

particle sample, As K-edge (11,871.1 eV) X-ray- absorption near-edge structure (XANES) spectra of four selected PM2.5 filter 
samples (i.e., three from PRD and one from YRD regions) with a large concentration of As were acquired in fluorescence mode 
at TLS 01C1, coupled with NaAsO2 and Na2HAsO4 as reference standards, shown in Fig. 1(b). 

Compared with the variations in PM2.5 concentrations, the differences between inter-regional profiles of chemical composi-
tions were more pronounced than those of intra-regional ones because of the diversities of industrial activity, shown in Fig. 2. 
A greater proportion of water-soluble ions relevant to secondary inorganic aerosols (NO3-, SO4

2- and NH4+) was observed and 
a smaller proportion of carbonaceous materials (organic matter OM and EC) was indicated to contribute from combustion 
activities to the total identified components in YRD than in PRD.

This investigation profiled regional 
PM2.5 pollution, variations in PM2.5 
associated metals, and other chem-
ical species based on the regional 
development in YRD (east China) and 
PRD (south China) regions, and also 
highlighted the importance of asso-
ciating bioaccessibility and speciation 
of metal ions with PM2.5 to assess the 
health risks of residents in those re-
gions. Xiangdong Li (Chinese Acade-
my of Sciences, China) and coworkers 
considered promoting the low-risk 
living environment and emission 
reduction in a supplement to the 
current mass-concentration-based 
framework. (Reported by Yao-Chang 
Lee)

This report features the work of 
Xiangdong Li and his collaborators 
published in Environ. Pollut. 262, 
114655 (2020).
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• Environmental Science
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P bZrO3 is a Pb zirconate titanate (PZT) ceramic of the 
perovskite family. The site of the Pb−O bond can be 

easily broken with an acidic attack because the bond Pb−O 
(2.5 Å) is longer than that of Zr−O (1.9 Å), giving rise to 
substantial free Pb(II) ions found in an acidic condition of 
landfill. An insufficient management of PZT-containing 
ceramic waste disposed of in landfill sites hence promotes a 
release of Pb(II) ions and poses a severe threat to the landfill  
operation and the surrounding environment. Herein, Kaimin  
Shih (The University of Hong Kong, China) focused on 
the treatment of waste PZT-based ceramics using a novel 
treatment and synchrotron X-rays to investigate the struc-
tural stabilization of PZT, in an effort to find more effective 
treatment techniques to remediate Pb-laden waste.

PbZr(PO4)2 can be obtained through sintering at 1000 °C for 
96 h and a HNO3 wash (2% v/v) to remove poorly crystallized  

materials on the surface to decrease any interference. 
Based on the Fourier-transform infrared spectral analysis, 
the wavenumbers for the phosphate normal mode were 
identified to assure the orthophosphate group in the de-
signed structure. The diffraction signals were also matched 
with the X-ray Diffraction (XRD) patterns, indicating that 
crystalline PbZr(PO4)2 was obtained in the process of heat 
and acid treatment. According to the extinction rule, the 
space group for crystal PbZr(PO4)2 was assigned to P3c1, 
which is consistent with the indices (a = 8.7455 Å and c = 
32.4963 Å) confirmed with synchrotron X-ray diffraction 
(SXRD) using TPS 09A at the NSRRC. 

The atomic structure (short-range order) around the target 
ions was further demonstrated for the local bonding envi-
ronment of PbZr(PO4)2 based on the X-ray absorption spec-
tral measurements at the Zr K-edge and Pb LIII-edge. The Zr 

Fig. 1: Normalized Zr K-edge XANES spectra; (a) two main features of BaZrO3 and ZrSiO4 were labeled as a and b with different relative intensities, show-
ing octahedral and dodecahedral arrangements of oxygen neighbors around Zr; the spectrum of m-ZrO2 exhibits a broad feature at c and Fourier 
transform k2-weighted EXAFS spectra in the R space of Pb; (b) the intensity of the first shell was in accordance with the signal from PbO, indicating 
that the Pb atom was tetra-coordinated to oxygen in the target structure. [Reproduced from Ref. 1]

Using Synchrotron X-rays to Investigate the Pb  
Stabilization for PZT Ceramic Materials
PZT has become popular in the field of industrial applications worldwide, triggered to create a 
voltage on introducing a mechanical stress on a poled piezoelectric ceramic material so as to in-
duce a change of dipole moment. PZT contains Pb up to 60% of total mass. Because Pb is proved 
to be accumulated in the food chain and its toxicity causes chronic disease for life, Pb zero-emis-
sion and Pb-free piezo-material systems are the next generations of piezo-material because of 
increasing environmental awareness and more restrictive regulations being made for environ-
mental protection. Kaimin Shih et al. have recently developed a novel chemical Pb-stabilization 
to incorporate Pb into PbZr(PO4)2 to enhance the Pb stabilization effect through the formation 
of PbZrxTi(1−x)(PO4)2 solid solutions. Synchrotron X-ray experiments demonstrated that the newly 
robust crystalline structure, developed through a well designed thermal treatment, provides an 
effective strategy to treat Pb frequently encountered in electronic wastes.
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X-ray absorption near edge structure (XANES) spectrum of 
PbZr(PO4)2 was compared with the standard references  
(BaZrO3, m-ZrO2 and ZrSiO4) to fingerprint the Zr coordination,  
showing that the Zr K-edge XANES spectrum of PbZr(PO4)2 
closely resembles that of BaZrO3 and Zr is strongly consid-
ered to be six-fold coordinated with oxygen in the target 
structure shown in Fig. 1. The peak intensity from PbZr(PO4)2 
was then compared with those of the standard referenc-
es—PbO and PbO2, which corresponded to PbO4 and PbO6 
coordination, respectively. These results indicated that Zr 
ions were located in octahedral and pentagonal bipyrami-
dal sites; Pb ions were found to be in tetrahedral sites in the 
local structural environment, indicating the stability of the 
coordination polyhedra in the target structure. Based on 
these findings, Shih et al. suggested that Zr ions locate in 
octahedral and pentagonal bipyramidal sites and Pb ions in 
tetrahedral sites in the local structural environment.

A comparison of the evaluation of the effect of phosphate 
treatment on Pb stabilization for PbZrO3 and PbZr(PO4)2 was 
performed after a long contact time; a continuous increase 
of Pb leachability was observed from the PbZrO3 sample. 
Higher Pb concentrations and pH variations revealed sub-
stantial cation dissolution more from PbZrO3 than from  
PbZr(PO4)2, as they were more vulnerable to proton-medi-
ated dissolution; the pH values slightly increased from the 
original 2.85 to 3.03 by the end of the leaching period (Fig. 2). 

After a long-term durability test, Shih and his collaborators 
suggested that PbZr(PO4)2 possessed a strong structur-
al stability of the target phase and still maintained high 
crystallinity, as no new XRD diffraction signal was observed. 
Furthermore, the Pb stabilization mechanism was sug-
gested as the oxygens play a crucial role in the first coor-
dination shell for the PbZr(PO4)2 sample and the reference 
compounds herein, whereas the second coordination shell 
varied among the standards shown in Fig. 3(a). The second 
shell of Zr in the PbZr(PO4)2 sample was strongly related 
to the Zr−P bonding environment because of the intensity 

and position of signals of zircon from PbZr(PO4)2 in the 
range 2.5−3.2 Å of R space. Consequently, a Zr−O−P bond 
was highly possibly formed in the crystalline phase; the 
structural alteration might improve the product durability. 
The Pb−O bond length in PbZr(PO4)2 was near that of a free 
PbO molecule based on the extended X-ray absorption fine 
structure (EXAFS) data, indicating that oxygens be consid-
ered as a hard-sphere atom showing a strong electronega-
tivity so that only a slight difference was induced in the first 
coordination shell. The O signal was assigned to the lattice 
oxygen and surface oxygen; a decreased intensity was ob-
served for the O lattice after leaching, indicating depletion 
of the mineral phase by the acidic attack shown in Fig. 3(b). 
The variation of surface element composition indicated that 
an amorphous Zr(OH)4 layer might have been formed on 
the outer surface of PbZr(PO4)2, as crystalline Zr(OH)4 was 
easily transformed into an amorphous structure on incorpo-
rating water molecules into the polymerized structure.

Materials with perovskite structures, of general formula of 
ABX3, have been widely used in the field of piezoelectric 
ceramics and optoelectronic devices, but increasing envi-
ronmental awareness and more restrictive regulations have 
been made for environmental protection. Accordingly, the 
decreased Pb leachabilities in PbZr(PO4)2 solid solutions 
show the effectiveness of a phosphate treatment in stabi-
lizing Pb from all forms of waste PZT ceramics and provide 
insight into waste form design for environmental remedi-
ation. Through alteration of the local coordination in the 
matrix and elemental doping in the solid solutions, heavy 
metals could be effectively stabilized in a robust structure. 
In the real wastes, however, a challenge will be to prevent 
the competitive effect of the heteroatom from entering the 
coordination sites designed for the target hazardous met-
als. Pb zero-emission and Pb-free piezo material systems 
are thus definitely the next generations of piezo material; 
further efforts should be made to investigate the metal-in-
corporation affinities in a complicated system. (Reported by 
Yao-Chang Lee)

Fig. 2: Normalized lead concentrations (a) and pH variations (b) of PbZrO3 leachates and PbZr(PO4)2 leachates. [Reproduced from Ref. 1]
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Fig. 3: Fourier transform k2-weighted EXAFS spectra in the R space of Zr—the peak positions are uncorrected from the backscattering phase shift; (a) 
high-resolution X-ray photoelectron spectroscopy (XPS) of O 1s (b) and Zr 3d spin−orbit doublet signals of the PbZr(PO4)2 sample (c) before and 
(d) after leaching for 28 days. [Reproduced from Ref. 1]

This report features the work of Kaimin Shih and his collabo-
rators published in Environ. Sci. Technol. 54, 6937 (2020). 
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S b2S3 is the most important and ubiquitous antimony 
ore; its exposure to weathering is considered as the 

dominant source of Sb in aqueous solutions. Environmental 
factors, such as light irradiation and mineral surfaces, play 
an important role in controlling the transformation and 
mobilization of Sb2S3. FeS2 is the most common natural min-
eral associated with Sb2S3, regulating diverse environmental 
processes such as reduction-oxidation and sequestration to 
control the geochemical cycling of Sb. Understanding the 
reactions at the Sb2S3-FeS2-water interfaces at a molecular 
level is hence of paramount importance to elucidate the 
weathering and environmental fate of mineral tailings.

The dissolution and transformation of Sb2S3 arise from reac-
tive oxygen species (ROS) that are generated with electron 
transfer. That condition is exactly what Chuan-Yong Jing 
(Chinese Academy of Sciences, China) and his team imple-
mented to investigate the oxidative dissolution and seques-
tration of Sb2S3 on FeS2. Collaborating with Ting-Shan Chan 
(NSRRC), Jing’s team recorded Sb K-edge X-ray-absorption 
near-edge structure (XANES) spectra at TLS 01C1 at cryo-
genic temperature (77 K) in an ultrahigh vacuum condition, 
which could prevent damage to the sample from X-ray- 
induced Sb(III) oxidation on FeS2. Collectively, Fe K-edge 
and S K-edge XANES spectra were recorded at TLS 16A1. 

Fig. 1: XANES spectra of (a) Sb K-edge, (b) S K-edge, and (c) Fe K-edge of solid minerals after reaction. Linear-combination fitting is shown as lines.  
[Reproduced from Ref. 1]

Mechanism of Oxidative Dissolution and Sequestration 
of Stibnite on Pyrite
The dissolution and transformation of stibnite (Sb2S3) on mineral surfaces are fundamental steps 
that control the fate of antimony (Sb) in the environment. X-ray absorption spectra show that the 
heterogeneous electron transfers from Sb2S3 to pyrite (FeS2) facilitate the generation of hydroxyl 
and superoxide radicals to oxidize Sb(III). Furthermore, oxidation and sequestration of Sb(III) on a 
FeS2 surface coupled Fe2+/Fe3+ cycling and inhibited FeS2 dissolution. The insights gained from this 
study extend our understanding of the transformation and transport of Sb2S3 at environmental 
mineral-water interfaces.
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Figure 1 displays XANES spectra at the Sb K-edge, Fe 
K-edge and S K-edge taken from solid minerals after reac-
tion for 4 h under simulated sunlight irradiation and dark 
conditions. The Sb2S3 standard exhibited a signal at 30490 
eV (feature A in Fig. 1(a)); Sb2O3 and Sb2O5 standards 
showed distinct signals at 30493 and 30495 eV, respec-
tively. The Sb2S3 species was unchanged after dissolution, 
as evident from linear-combination-fitting (LCF) results of 
100% Sb2S3, consistent with S K-edge XANES spectra (Fig. 
1(b)). Minor 5% Sb2O3 was observed in a mixed Sb2S3 and 
FeS2 system under sunlight irradiation (Fig. 1(a)), indicating 
the adsorption of dissolved Sb species. The normalized S 
K-edge XANES spectrum of solid pyrite shows two obvious 
signals at 2469 (feature B) and 2481 eV (feature C in Fig. 
1(b)), corresponding to 48% FeS2 and 52% SO4

2- species. 
From the LCF results of S K-edge XANES spectra for samples 
in a mixed Sb2S3 and FeS2 system, ratio 50% Sb2S3 and 48% 
FeS2 was derived.

The normalized Fe K-edge XANES spectrum of solid pyrite 
exhibited three signals at 7114 eV (feature D), 7121 eV 
(feature E), and 7136 eV (feature F in Fig. 1(c)). Feature D 
is assigned to the transition from a 1s core state to a hybrid 
state of 3d and 4p (1s→3d, 4p); feature E corresponds to 
a transition from 1s to 4p state (1s→4p), and feature F is 
interpreted as a multiple scattering resonance of Fe p-like 
states in the continuum. Notably, for samples in a mixed 
Sb2S3 and FeS2 system, the heights of features D and E 
increased, but decreased for feature F (Fig. 2(a)), indicating 
the occupation of electrons in p states in the continuum. 
The accumulation of electrons on the Fe species resulted 
in Fe(III) reduction. The ratio of Fe(III) oxide, which was 
best fitted as ferrihydrite in the XANES spectra, decreased 

Fig. 2: (a) Fe K-edge XANES spectra for samples in a mixed Sb2S3 and FeS2 system. (b) Reaction mechanisms of Sb2S3 oxidative dissolution and sequestra-
tion on FeS2. (1) Sb(III) oxidation by •OH radicals that were generated with Fe2+/Fe3+ cycling; (2) Sb(III) oxidation by O2

•- radicals on FeS2 surface 
under light. (3) Sb(III) oxidation by •OH radicals in solution. The solid arrow presents reactions on the surface; the dashed arrow shows the dissolu-
tion. [Reproduced from Ref. 1]

from 47% to 26% in darkness, and further to 14% under 
sunlight (Fig. 1(c)). Correspondingly, a FeS2 ratio increased 
from 53% to 74% in darkness and to 86% under light was 
observed. The heterogeneous electron transfers from Sb2S3 
to FeS2 hence promoted Sb(III) oxidation and Fe(III) reduc-
tion on the surfaces.

In summary, Jing used XAS measurements to reveal hetero-
geneous electron transfers between Sb2S3 and FeS2 interfaces. 
The electron transfers from Sb2S3 to FeS2 separated photo- 
generated hole (h+) and electron (e-) pairs, facilitating the 
generation of hydroxyl radicals (•OH) on Sb2S3 and FeS2, 
and superoxide radicals (O2

•-) on FeS2, contributing to the 
oxidative dissolution of Sb2S3 (Fig. 2(b)). The knowledge 
of the reactions and mechanisms gained from this work is 
crucial for an understanding of the environmental fate of 
sulfide minerals and the generation of acid mine drainages. 
(Reported by Ting-Shan Chan)

This report features the work of Chuan-Yong Jing and his col-
laborators published in Environ. Pollut. 262, 114309 (2020).
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Fig. 1: (a) µFTIR spectra of BC, ADE and adjacent soil: The absorption line of Fe-aromatic C complex-
ation at 1380−1384 cm-1 and the line of aryl−OH at 1241 cm-1 are highlighted with red and 
orange arrows, respectively. Integral map of the selected spectral range, showing the distri-
bution of aromatic C over 1625−1595 cm-1 (b) carbonyl C=O over 1730−1650 cm-1 (c) lattice 
water O−H over 3750−3550 cm-1 in clay minerals (d) and aryl−OH over 1260−1220 cm-1 (e). 
The scale bar is 40 μm. [Reproduced from Ref. 3]

L inear combination fitting of k- 
spacing in the X-ray absorption 

spectra (XAS) revealed that ferrihydrite 
contributed to 81.1% of the Fe-minerals 
in black carbon (BC, biochar), acquired 
by using TPS 21A and TLS 16A1. A small 
but distinct signal was observed at 5.7 
Å-1 in the extended X-ray absorption 
fine structure (EXAFS) k oscillation of BC 
acquired by using TLS 17C1, revealing 
the presence of Fe-C (including Fe−O−C) 
covalent bonds. No Fe−C path was yield-
ed by the XAS fitting when an obvious 
signal downshift of the first (Fe-Fe1) 
shell was observed, indicating that the 
availability of inner-sphere Fe−C com-
plexation was limited to the BC surface 
and interphase region. The main minerals 
for organo-mineral complexation were 
short-range-order (SRO) ferrihydrite on 
BC instead of corner-sharing FeO6 octa-
hedra. The coordination number of the 
first (Fe−Fe1) and second (Fe−Fe2) shell 
was greater in BC than for Amazonian 
Dark Earth (ADE), revealing a higher 
degree of order in coordination between 
the neighboring Fe mineral crystals. Black 
C limited the progressive aging of amor-
phous Fe phases and greatly enriched 
SRO ferrihydrite in the redox-fluctuating 
and high-leaching environment. The 
transformation of SRO ferrihydrite into 
the more crystalline Fe oxides was con-
trolled with the local pH environment. 
A strong signal from the complexed 
phenolic group (aryl−OH, 1241 cm-1) and 
a distinct line of inner-sphere complex-
ation (Fe−aryl C, 1380−1384 cm-1) were 
identified in the micro-Fourier transform 
infrared (µFTIR) spectra. The enrichment 
of poorly crystalline minerals can have a 
positive feedback on the enduring stabi-
lization of BC. The scale-up application of 

Black Carbon Enriches Short-Range-Order Ferrihydrite in 
Amazonian Dark Earth
This study underpins the mechanism of organo-mineral interaction between BC and associated 
minerals in the historical BC-rich ADE using synchrotron-based microscopic (TXM) at TLS 01B1, 
microspectroscopic (μFTIR) and spectroscopic (XAS and μ-diffraction) approaches. The BC-rich 
ADE contained over 100% more poorly crystalline minerals than the adjacent tropical soil.
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biochar to agricultural and ecological systems might have 
an enduring impact on the enrichment and transformation 
of SRO minerals in the soil.

The distribution of BC exhibited some patchy and con-
densed regions of turbostratic crystallites among the py-
rogenic amorphous carbon. The core of the condensed BC 
region was mainly aromatic (C=C, 1604 cm-1, Fig. 1(c)); the 
distribution of reactive functional groups (1650−1730 cm-1, 
Fig. 1(d)), including carbonyl (C=O in conjunction with an 
aromatic ring, 1666 cm-1) and carboxyl groups (C=OOH, 
1715 cm-1), were mostly in the peripheral region of the aro-
matic C. The distribution of the clay minerals (lattice water 
O−H, 3550−3750 cm-1) was by and large correlated with the 
presence of reactive functional groups on BC (Figs. 1(c)–
(e)). Fe-minerals and Ca-minerals had a spatial correlation 
with BC. The broad and pronounced lines within spectral 
ranges 1200−1400 cm-1 and 1650−1730 cm-1 in BC indicat-
ed a significant level of organo-mineral complexation (Figs. 
1(a), 1(c) and 1(e)). A strong signal from the phenolic func-
tional groups (aryl−OH) was observed at 1241 cm-1 (Figs. 
1(a) and 1(e)). A line at 1380–1384 cm-1 was identified for 
the inner-sphere complexation of Fe and aromatic C (Fig. 
1(a)).1 Overall, SRO ferrihydrite and amorphous Fe-phases 
were more abundant in ADE than in the adjacent soil. 
Among the poorly crystalline phases, ferrihydrite was highly 
enriched in the BC particles. The µFTIR spectra of pyrogenic 
amorphous carbon were acquired by using infrared micro- 
spectroscopy endstation at TLS 14A1.

A larger CN denoted a greater degree of order in the  

coordination between neighboring Fe mineral crystals, re-
sulting from the enrichment of SRO minerals in BC. A small 
but distinct feature was observed at 5.7 Å-1 in the EXAFS k 
oscillation of BC, corresponding to single scattering of the 
Fe−C bond (including Fe−O−C).2 A weak shoulder at 5–5.2 
Å-1, a shoulder signal at 7.5 Å-1, and a small signal at 9.5 Å-1 
were observed in BC, corresponding to the weak high-shell 
backscattering signal and the presence of ferrihydrite and 
ferrihydrite-like Fe domains. (Fig. 2).

The findings of Biqing Liang (National Cheng Kung Univer-
sity) and her collaborators enabled a strong appeal that 
the complicated interplay between BC aging-driven surface 
modifications and SRO minerals might play an important 
role in the enduring stabilization of BC. Their research 
argues that both the interactive chemistry between BC and 
the associated minerals and their physical presence are 
important for the enduring stabilization of organic carbon. 
The enrichment of poorly crystalline minerals such as SRO 
ferrihydrite can have a positive feedback on the enduring 
stabilization of BC. Biochar applications enrich SRO minerals 
in the soil; these, in turn, enhance the stabilization of BC. 
Systematic investigations are required to understand the 
qualitative and quantitative correlations between SRO min-
erals and soil organic-carbon storage at the modeling level. 
Perspectives on soil carbon stabilization and saturation 
might be revolutionized once the key role of SRO minerals 
is taken into carbon models, beyond the traditional param-
eters, such as clay type and content. (Reported by Biqing 
Liang, National Cheng Kung University)

This report features the work of Biqing Liang and her collab-
orators published in Sci. Total Environ. 725, 138195 (2020).
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Fig. 2: Fe-EXAFS k oscillation for BC, ADE and adjacent soil. The green 
arrows mark the shoulder and signal at 5.2, 7.5 and 9.5 Å, indicat-
ing the presence of ferrihydrite. The blue arrow points to a small 
feature at 5.7 Å, which is characteristic of Fe-O-C bonds. [Repro-
duced from Ref. 3]



T he neutron technique aims to answer various scientific 
questions about the fundamental properties of mate-

rials on an atomic scale, as well as medical applications on 
a nanometre scale. Researchers use neutron instruments to 
count scattered neutrons, measure their energies and the 
angles at which they scatter, and map their final position. 
In contrast to X-rays and electrons, which interact with the 
electrons around the atomic nuclei, the neutron interacts 
with those nuclei. As the neutrons are neutral, they are de-
flected only when they strike a core. This capability allows 
scientists to glean details about the nature of materials 
ranging from single crystals to thermally isolating materials, 
from proteins to drug systems, from metals to magnets.

Our user communities performed the following remarkable 
studies; they completed their outstanding research at ANSTO 
using neutron instruments in 2020. Five reports include the 
highlights from high-performance non-linear optical mate-
rials reported by Chin-Wei Wang. Two highlights from the 
SIKA instrument show the first inelastic neutron-scattering 
study for a SrRuO3 thin film capable of SIKA and the pho-
non behaviour of high-zT Sb-doped GeTe thermoelectric 
materials reported by Chun-Ming Wu and Shin-ichiro Yano, 
respectively. A SANS study as a new strategy to combat 
LPS-deficient Gram-negative pathogens with nano-technology 
is reported by Xiangfeng Lai. Research using a neutron 
powder diffractometer for a magnetic frustration mate-
rial, Mn1.5Cr1.5O4, is described by Chin-Wei Wang. The last 
texture study for advanced metallurgy reported by E-Wen 
Huang is based on experiments at the Spallation Neutron 
Source facility in Oak Ridge National Laboratory. (by Shih-
Chun Chung)

Neutron 
Science
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Local Structural Distortion as a New Design Strategy for 
High-Performance Nonlinear Optical Materials
A new tungsten bronze compound synthesized with a new molecular design strategy exhibits a 
strong SHG response, 39 times that of KDP. 

N onlinear optical (NLO) materials play a crucial role in modern laser 
technology by effectively expanding the spectral range of a laser; they 

have many important applications in photolithography, spectral analysis, 
tissue imaging, environmental monitoring, etc. Up to now, the strategies 
for molecular design of NLO materials have focused on the introduction 
of NLO-active molecular units with a large polarization, e.g., second-order 
Jahn-Teller distorted octahedra (Ti4+, Nb5+, Ta5+, Te6+, W6+, Mo6+, etc.),  
stereochemically active lone-pair cations (Pb2+, Bi3+, I5+, Te4+, etc.), π-orbital 
anionic groups (BO3, B3O6, CO3, NO3, etc.), and d10 metal cations with a polar 
displacement, into non-centrosymmetric crystal structures.1 Kun Lin (Uni-
versity of Science and Technology Beijing, China) and his coworkers recently 
proposed that a local structural distortion induced with vacancies, apart 
from the NLO-active units, can also be employed to improve the NLO effect 
in solids. Accordingly, a new tungsten bronze (TB) oxide, Pb2(Pb0.15Li0.7□0.15)
Nb5O15, PLN (□ representing vacancies), has been successfully designed 
and prepared, which exhibits a strong second-harmonic generation (SHG) 
response, 39 times that of KH2PO4 (KDP)(Figs. 1(a) and 1(b)).

Multiple experimental probes were employed to study both average and lo-
cal structures of PLN. To study the local structural distortion in PLN, Lin and 
his coworkers applied an atomic-level scanning transmission electron micro-
scope (STEM) and neutron total scattering (Spallation Neutron Source, Oak 

Fig. 1: (a) Experimental oscilloscope traces of SHG 
signals using the method of Kurtz and Perry 
with a 1064-nm Q-switched laser. (b) Compar-
ison of powder SHG response. [Reproduced 
from Ref. 1] 

Fig. 2: SHG response versus geometric local distortion index m for a series 
of lead-niobate-based TB oxides. PL06N: Pb2.15Li0.6Nb5O15, PLN-Re: 
Pb2Li0.94Re0.02Nb5O15 (Re = Eu, Gd), PKLN: Pb2K0.5Li0.5Nb5O15, PKN: 
Pb2KNb5O15, PNN: Pb2NaNb5O15, PRN: Pb2RbNb5O15. The dashed line 
serves for visual guidance; the dashed circle indicates the A-site 
with vacancies. [Reproduced from Ref. 1] 

Ridge National Laboratory). The obtained local structural 
information was compared with the averaged structure 
deduced from single-crystal X-ray diffraction, synchrotron 
radiation X-ray powder diffraction (BL44B2, SPring-8) and 
high-resolution neutron powder diffraction (BT-1, National 
Institute of Standards, and ECHIDNA at Australian Nuclear 
Science and Technology Organisation (ANSTO)). The struc-
tural model of PLN, obtained from NPD and XRD, exhibits 
a strong site preference of the vacancy. The vacancies are 
distributed in quadrangular A1 tunnels surrounded by four 
columns of corner-sharing NbO6 octahedra, of which the Pb 
sites in A2 tunnels are fully occupied. A semi-quantitative 
analysis of the TEM data led to the same conclusion. Lin and 
coworkers also observed that, in the nPDF, the signal asso-
ciated with the Nb−O bond length inside the NbO6 octahe-
dra in PLN is significantly broadened. This effect indicates 
that the second-order Jahn-Teller-distorted NbO6 octahedra 
have a larger distortion on a local scale, confirming the 
observations from the STEM.

To demonstrate further the feasibility of the proposed 
design strategy, Lin and his coworkers introduced the local 
structural distortions on cross-substituting the A-site atoms 
in the TB structure and discovered a series of new compounds  
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with nominal composition Pb2(Pb,Li,Na,K,Rb,Re)1-xNb5O15  
(0 ≤ x ≤ 0.15, Re = rare earth). Interestingly, many of these 
compounds also exhibit a large SHG response. These 
workers proposed a new parameter, called local distortion 
index m, to evaluate the degree of local distortion of these 
compounds. Please refer to the Supporting Information of 
Ref. 1 for the definition of local distortion index m. Figure 2 
shows the distribution of the SHG response and local distor-
tion index m of several NLO materials. The SHG response 
evidently tends to be strengthened with the enhancement 
of local distortions.

In summary, the analysis of the local structure unveiled that 
the structural vacancies at the A1-site strengthen the local 
distortion and local dipole moments of nearby NbO6 octa-
hedra and significantly improve the NLO effect. Lin’s work 
is a perspective for the search and design of new materials 

with an effective NLO performance. (Reported by Chin-Wei 
Wang) 

This report features the work of Kun Lin and his collaborators 
published in J. Am. Chem. Soc. 142, 7480 (2020). 

ANSTO  ECHIDNA – High-resolution Powder  
Diffractometer 
•  NPD, XRD, Total Scattering
•  Materials Science, Chemistry

Reference
1. K. Lin, P. Gong, S. Chu, Q. Li, Z. Lin, H. Wu, Q. Wang, J. 

Wang, M. J. Kim, K. Kato, C.-W. Wang, X. Liu, Q. Huang, 
J. Chen, H. Zhu, J. Deng, X. Xing, J. Am. Chem. Soc. 142, 
7480 (2020).

N eutron diffraction is a powerful tool to study magnetic phenomena. It is the best method to determine the magnetic 
structure and can detect the short-range magnetic correlation between magnetic spins. It is known that competing an-

tiferromagnetic interactions among the magnetic spins on a regular lattice could lead to geometrically magnetic frustration, 
resulting in the absence of long-range magnetic order or extremely low ordering temperatures. In such systems, the diffuse 
scattering and unconventional spin dynamics could be observed in a neutron-scattering experiment. Spinel compounds of 
formula AB2O4 have been studied for a long time. The B-site (16 b of space group F d -3 m) cations form a regular corner- 
sharing tetrahedral network, which is potentially geometrically frustrated. Hsiung Chou (National Sun Yat-sen University) and 
his coworkers maintain a great interest in spinel compounds and recently conducted the powder neutron experiments on 
Mn1.5Cr1.5O4, employing both high-resolution diffractometer ECHIDNA and high-intensity diffractometer WOMBAT of  
ANSTO.

This work determined the cation distribution and magnetic structure of Mn1.5Cr1.5O4, using the high-resolution NPD data (Fig. 
1(a) and 1(b)). The magnetic structure is collinear ferrimagnetic; the uncompensated A- and B-site sublattice produces a net 
magnetization. The magnetic order parameter obtained from neutron diffraction (Fig. 1(a)) matches satisfactorily with the 
spontaneous magnetization for the transition temperature and the critical exponent (Fig. 1(a)), but the deviation from the 
Curie-Weiss behavior occurs at a much higher temperature, T’ ~ 170 K, indicating that diffuse scattering might be detectable 
in neutron-diffraction experiments. Detailed temperature-dependent measurements were hence conducted employing HIPD 
WOMBAT (Fig. 2(a)). Figure 2(a) shows that modulation of the background intensities develops below T’ before it eventually 
collapses onto the magnetic Bragg reflections at TN. The diffuse magnetic scattering weakens but continues to co-exist with 
the ferrimagnetic phase below TN. The difference between the diffraction patterns collected at 163 K and 63 K clearly reveals 
the modulation (Fig. 2(b)). Because of the Q dependence of the instrument resolution, the oscillation at higher q is smeared 
out and becomes shallower, but the oscillation persists. Chou suggested that the liquid-like short-range order develops be-
cause of the presence of magnetic frustration in the system. 

This observation of diffuse scattering above the magnetic-ordering temperature is neither the first time reported nor a rare 
case. For example, magnetic diffuse scattering of the textbook example, MnO, was reported in the 1940s.2 The broad diffuse 

Magnetic Frustration Induces Liquid-Like Short-Range 
Ordering in Cubic Mn1.5Cr1.5O4 
Short-range magnetic correlation manifested by the liquid-like structure factor is observed at 
temperatures well above TN in the title compound.
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Fig. 1: (a) Left axis shows ZFC and FC M(T) curves of Mn1.5Cr1.5O4 under applied magnetic field 250 Oe. The right axis represents an inverse magnetic- 
susceptibility curve. (b) Magnetic order parameter of Mn1.5Cr1.5O4 manifested by the integrated intensity of signal (1 1 1). Rietveld plot of 
Mn1.5Cr1.5O4 neutron powder-diffraction (NPD) data at (c) 65 K and (d) 3.5 K. [Reproduced from Ref. 1] 

Fig. 2: (a) Small-angle view of the 2D plot of the temperature-dependent 
diffraction pattern around the (111) signal shows that the back-
ground intensity diffuses below 170 K and then concentrates 
around the (111) signal below TN. (b) Residual magnetic signal 
obtained from the difference of diffraction patterns at 163 K and 
63 K. [Reproduced from Ref. 1] 

signals above the ordering temperature are generally 
regarded as the precursor of long-range magnetic order; 
the inverse signal width reflects the magnetic correlation 
length or the size of the magnetic clusters. Chou and his 
coworkers demonstrated the oscillatory nature of the mag-
netic diffuse-scattering intensities in Mn1.5Cr1.5O4, which 
could lead to various physical pictures. The ferromagnetic 
magnetic correlation above TN could refer to the Griffiths 
phase; the local minimum in the oscillation might refer to a 
pinch point in the context of spin ice. This work has indeed 
triggered a motivation to grow single-crystal samples and 
to expand the neutron-scattering investigations of spinel 
compounds. (Reported by Chin-Wei Wang)

This report features the work of Hsiung Chou and his collab-
orators published in Appl. Phys. Lett. 116, 182406 (2020). 

ANSTO WOMBAT – High-intensity Powder Diffractometer
ANSTO ECHIDNA – High-resolution Powder Diffractometer
• NPD
• Condensed-matter Physics
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A bulk crystal or multiple crystals of mass of order gram are necessary 
for a successful detection of extremely weak signals. No successful 

inelastic neutron scattering (INS) measurement on films has been reported, 
but most materials are difficult to grow into large high-quality crystals, and 
some of them can be grown as high-quality single-crystal films. Pushing 
the INS measurement to the limit of a film is now extremely crucial. Hsiung 
Chou of National Sun Yat-sen University and his collaborators have used 
SrRuO3 single-crystal epitaxial thin films (Fig. 1) to investigate the magnon 
dispersion curve in this ferromagnetic system to extend the limitation of 
INS measurements and to understand better the underlying mechanisms. 
This limitation imposes a strong constraint on the applicability of neutron 
inelastic-scattering instruments. Even though many materials can be grown 
as single-crystal films, their small mass makes this limitation a significant 
barrier. If the material has, however, a specific property that has a strong 
correlation with the low excitation phase along a specific direction and is 
measured with a highly sensitive and low-noise neutron inelastic-scattering 
instrument, this limitation might be overcome. Taiwan has built a state-of-
the-art neutron inelastic-scattering instrument, SIKA, in Australian Nuclear 
Science and Technology Organisation (ANSTO), which has the potential to 
undertake neutron inelastic-scattering measurement on thin films.  

Chou’s group has publised an example1 on choosing SrRuO3 (SRO), which is 
one of few itinerant ferromagnetic materials from the 4d-transition-metal 
group widely used as a conducting electrode in multilayer device appli-
cations, magnetic tunnel junctions, electronic transport tuning, dynamic 
random-access memory applications, switchable acoustic-wave resonators 
and spintronic devices, among others. Unexplained phenomena such as the 
non-saturated magnetization at a large magnetic field, changing of the sign 

Fig. 1: Four 1 × 1 cm2 SrRuO3 films, stacked with the 
film’s surface in contact with each other and 
placed side by side on an aluminium sample 
holder.  [Courtesy of Chun-Ming Wu]

of Hall coefficients, an unbelievable 
high upper-limit-temperature (T ≤ 30 
K) for Fermi liquid conduction and 
non-Fermi-liquid behavior within 90 
≤ T/K ≤ 150, are, however, waiting to 
be explored. Chou’s team has hence 
a great motivation to challenge the 
unbreakable limitation for inelastic 
neutron scattering on a thin film as 
well as to understand the exotic mag-
non dispersion profile of SrRuO3 films.

To confirm that their observed signal 
is really contributed by a magnon and 
not by phonons or instrumental er-
rors, it was necessary to compare the 
result at high temperature at which 
the material is in a paramagnetic state. 

First Inelastic Neutron Scattering from a SrRuO3 Thin 
Film
SIKA makes it possible to investigate the magnetic property of single-crystal epitaxial thin film 
with inelastic neutron scattering 

Fig. 2: Direction [002] shows the largest count difference, which indicates that the magnon disper-
sion curve that extends along this direction should the most readily detectable. INS spectra 
of L = 1.90 at 5 K and 200 K.  [Reproduced from Ref. 1]
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The same measurement results at 5 K and 200 K are plot-
ted on a linear scale (Fig. 2).  The center signals at 0 meV 
overlap perfectly whereas the signal about 0.7 meV at 5 K 
disappears at 200 K. This observation confirmed a magnon 
peak and also showed a successful breaking of the concept 
of an inability to measure INS of films.

Using the present identified magnon signal, they further 
obtained a dispersion curve, in Fig. 3. Fitting the data 
points with the dispersion relation yielded J = 1.88 meV. 
This magnon band gap 0.32 meV is much smaller than 
Itoh’s 2 meV2 and slightly smaller than 1 meV estimated 
from a FMR measurement calculated from the anisotropy 
energy estimated with bulk magnetization.

In summary, Chou and his collaborators successfully 
demonstrated that measuring a low-energy excitation with 
inelastic neutron scattering on a single crystal film is pos-
sible.  Because of the strong strain effect at the STO/SRO 
interface, the crystal structure of SRO was tuned to a tetrag-
onal structure with out-of-plane lattice parameter slightly 
larger than the in-plane lattice parameter, about 0.1%. This 
change suppresses the structural distortion and symmetry 
and produces a smaller magnon gap. (Reported by Chun-
Ming Wu)

This report features the work of Hsiung Chou and his collab-
orators published in Physical Review B 101, 054403 (2020).

ANSTO  SIKA − Cold Neutron Triple-axis Spectrometer
• INS
• Ferromagnetism, Magnon, Inelastic Neutron Scattering, 

Epitaxial Single-Crystal Thin Film  
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Fig. 3: (a) Relation between E and L (or Q). The magnon spectrum follows the dispersion relation (E ∝ Q2). The data points presented as red circles are 
obtained from Ref. 2. The data points obtained from Chou’s measurements match well with Ref. 2 and are situated well within their FWHM. (b) 
Magnon dispersions for varied Coulomb U at temperature T = 0. Magnetic coupling J = 0.5 meV Å-3, conduction-band electron density ne = 1 × 10-4 
Å-3 and Ru occupation cRu = 10-3 Å-3. [Reproduced from Ref. 1]
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A neutron-scattering experiment has been performed on SIKA for Ge0.92Sb0.08Te single crystals that produced a record high 
zT, 2.2 at 740 K, with an optimal hole carrier concentration ≈ 4 × 1020 cm−3 that simultaneously maximizes the power 

factor (PF) ≈ 56 µW cm−1 K−2 and minimizes the thermal conductivity ≈ 1.9 Wm−1 K−1. The Ge0.92Sb0.08Te material exhibits a sig-
nificant modification for phonon dispersion with an extra phonon excitation about ≈ 5–6 meV at the Γ point of the Brillouin 
zone as confirmed. The theoretical support with density-functional theory (DFT) confirmed this phonon excitation, and pre-
dicted another higher-energy phonon excitation ≈ 12–13 meV at the W point. These phonon excitations collectively increase 
the number of phonon decay channels leading to a softening of the phonon frequencies such that a three‐phonon process 
is dominant in Ge0.92Sb0.08Te, in contrast to a dominant four‐phonon process in pristine GeTe, highlighting the importance of 
phonon engineering approaches to improve thermoelectric (TE) performance.

Fig. 1: Inelastic neutron scattering tests of GeTe and Sb-doped GeTe. Phonon dispersion relation from S(Q,E) with function of energy transfer E and q 
along [0K0] for (a) pristine GeTe, and (c) Ge0.92Sb0.08Te crystals with TA and LA branches. The solid circles in (a) were determined with a multi-peak 
Gaussian function from panel (b), the red dashed lines are for visual guidance. (b) and (d) show phonon energy spectra for energy scans along 
[0K0] with a constant Q of k = 1–1.5 for GeTe and Ge0.92Sb0.08Te crystals respectively. The open symbols represent the data collected from the 
triple-axis spectrometer of SIKA; the solid lines in (b) are numerical fits with a multi-peak Gaussian function, and in (d) are for visual guidance. 
[Reproduced from Ref. 1]

High zT and Its Origin in Sb‐Doped GeTe Single Crystals
A record high zT, 2.2 at 740 K, is reported for Ge0.92Sb0.08Te single crystals, with an optimal hole 
carrier concentration ≈ 4 × 1020 cm−3 that simultaneously maximizes the power factor (PF) ≈ 56 
µW cm−1 K−2 and minimizes the thermal conductivity ≈ 1.9 Wm−1 K−1. Neutron inelastic scattering 
and DFT calculations revealed the origin. 



Neutron Science 081

DFT calculations revealed the origin of the thermoelectric 
properties of a record high zT of Ge0.92Sb0.08Te single crys-
tals. The work on Ge0.92Sb0.08Te highlights the importance of 
phonon engineering approaches to improve the thermo-
electric (TE) performance for future applications. (Reported 
by Shinichiro Yano)

This report features the work of Yang-Yuan Chen and his 
collaborators published in Adv. Sci. 7, 2002494 (2020). This 
paper was chosen as the inside back cover of the Nov.-Dec. 
2020 issue.

ANSTO  SIKA – Cold Neutron Triple-axis Spectrometer
• INS, Phonon
• Materials Science, Chemistry, Condensed-matter Physics, 

Environmental Science

Fig. 2: Phonon density of states and dispersion relations. Theoretical calculation of partial density of states 
for (a) GeTe and (b) Ge0.92Sb0.08Te crystals. The red trace in (b) indicates the contribution from Sb. (c) 
The VCA method based on calculations to examine the effects of partially doped Sb into GeTe on the 
phonon dispersion and -PDOS. Two Sb-doping levels, 0.02 (blue traces) and 0.08 (orange traces), are 
shown for a comparison with that of pristine GeTe (green traces). The right panel shows the supercell 
used in the DFT calculation of GeTe. Similar DFT calculations were performed for GST with varied con-
centrations of Sb; the overall phonon frequency softens because of the Sb doping. In pristine GeTe, no 
phonon mode is present between 0 and 10 meV at the Γ point and 12–13 at the W point. [Reproduced 
from Ref. 1]
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Yang-Yuan Chen’s collabora-
tors Lotus Hung and Min-Nan 
Ou (Academia Sinica) have 
performed several neutron 
inelastic-scattering experiments 
on the SIKA spectrometer in 
ACNS ANSTO (user programs 
P6776 and P7553). Using 14 
days of beam time on SIKA, 
the team successfully recorded 
phonon-dispersion data for 
both GeTe and Ge0.92Sb0.08Te 
samples. The samples were 
mounted on the sample stage 
of SIKA at room temperature. 
The measurement of phonon 
dispersion for a thermoelectric 
material is becoming popular 
around the world. This work also 
proved that SIKA is fully capable 
of measurements of outstand-
ing results for publication in a 
high-impact journal. The group 
also conducted the theoretical 
calculations (DFT) to support 
their findings; this theoretical 
support is important to com-
plete the study.  

In summary, the work here has 
reported a recent study of GeTe 
and Ge0.92Sb0.08Te single crystals 
on the cold triple-axis spectrom-
eter SIKA. The phonon disper-
sion has been measured at SIKA; 
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A ntimicrobial resistance is becoming a severe threat 
to human health. Nanoparticles have increasingly 

emerged as new tools to combat fatal bacterial infections 
caused by resistant bacteria. Neutron scattering has been 
utilized to probe the changes in bacterial membrane struc-
ture upon nanoparticle actions, whereby the bactericidal 
process was seen, and the mechanism was deduced.

Hsin-Hui Shen’s group in Monash University, Australia, 
found that lytropic liquid-crystalline lipid nanoparticles, 
i.e. cubosomes, were highly bactericidal against lipopoly-
saccharide (LPS)-deficient, Acinetobacter baumannii (Ab) 

strains.1 The antibiotic-resistant strains of Ab strains are 
being reported increasingly in clinical settings. To unveil the 
killing mechanism, biomimetic membrane bilayers were 
reconstituted to replicate the composition of LPS-deficient 
strains, whereby neutrons can be employed to investigate 
the structure changes on bilayers upon cubosome treat-
ment.

In their experiment, synthetic 1-palmitoyl-2-oleoyl-snglycero- 
3-phosphoethanolamine (16:0−18:1 POPE), 1-palmitoyl-2-
oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (sodium salt) 
(16:0−18:1 POPG) and 1',3'-bis-[1,2-dioleoyl-sn-glycero 

Fig. 1: SANS profiles (symbols) and best-fitted curves (lines) using a lamellar model for a biomimetic membrane before and after cubosome treatment in 
D2O at 25 °C. The Gaussian signals indicate the lipid bilayer. (a) Ab 5075D OM; (b) Ab 19606R OM; (c) Ab 5075D IM, the inset magnifies the data 
around the scattering peak to unify the intensity scale; (d) Ab 19606R IM. [Reproduced from Ref. 1]

Seeing Nanoparticles Combat Superbugs Through  
Neutrons
SANS is a powerful neutron technology to serve a new strategy to combat LPS-deficient 
Gram-negative pathogens with nano-technology which provides hints of innovative bacterial 
membrane-based therapies for treatment.
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bosome treatment. Taken together, these results indicate 
that cubosomes are bactericidal to A. baumannii on altering 
the membrane bilayer structure, whilst Ab 19606R is more 
susceptible to cubosome treatment, which is in accordance 
with results in vitro in which the minimum inhibitory con-
centration of cubosomes against Ab 19606R is 2 μg/mL 
compared with 4 μg/mL for Ab 5075D. (Reported by Xiang-
feng Lai, Monash University, Australia)

This report features the work of Mei-Ling Han, Jian Li, Hsin-
Hui Shen and their collaborators, published in ACS Appl. 
Mater. Interfaces 12, 44485 (2020).

ANSTO Quokka – Small-angle Neutron Scattering
• SANS
• Antibiotic Resistance, Drag Delivery System, Polymers, 

Magnetism, Earth Science
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-3-phospho]-glycerol (sodium salt) (18:1 Cardiolipin, TOCL) 
were mixed thoroughly in trichloromethane at molar ratios 
37:47:16, 64:26:10, 72:25:3 and 81:17:3 to represent an Ab 
5075D outer membrane (OM), Ab 19606R OM, Ab 5075D 
inner membrane (IM) and Ab 19606R IM, respectively. The 
mixtures were then dried under N2 and dispersed in D2O 
with a HEPES buffer using bath sonication. The membrane 
dispersions were then transferred to quartz cuvettes and 
characterized at 25 oC to confirm the fabrication of the 
bilayer. Cubosomes at concentrations 4 and 32 μg/mL were 
consecutively added to the cuvettes and incubated for 30 
min before being subjected to shows small-angle neutron 
scattering (SANS) measurements. The measurements were 
conducted on 40-m pinhole instrument QUOKKA at OPAL 
research reactor in Australian Nuclear Science and Technol-
ogy Organisation (ANSTO), Sydney, Australia. Wave vector 
Q is calculated from θ (scattering angle) and λ (neutron 
wavelength): Q = 4π sin θ/λ. Two instrument configurations 
were applied to cover large Q and small Q. Distance L1 = 4 
m from source to sample and distance L2 = 3 m at 5 Å and 
L1 = L2 = 12 m at 6 Å from sample to detector were used to 
give a Q range 0.0049−0.28 Å−1. 

Figure 1 shows SANS profiles of membrane bilayers before 
and after cubosome treatment. After the cubosome treat-
ment, both OM and IM of Ab 5075D and Ab 19606R were 
evidently significantly disrupted, as indicated by the loss 
of the bilayer intensity. An analysis of SANS profiles was 
performed using SasView (version 4.2.2). The data were 
fitted using lamellar_hg and a Gaussian peak model. The 
calculated bilayer thicknesses are reported in Table 1. No-
tably, the thicknesses of OM and IM of Ab 5075D remained 
unchanged, while being altered for Ab 19606R after cu-

Table 1: Bilayer thicknesses (δ) before and after cubosome treatment 
with a lamellar model for the OM and IM of Ab 19606R and Ab 
5075D. [Reproduced from Ref. 1]

Membrane δbilayer (Å) δCub 4 (Å) δCub 32 (Å)

Ab 5075D OM 47.2 ± 1.1 47.5 ± 1.2          -

Ab 19606R OM 47.6 ± 0.5 49.2 ± 0.4          -

Ab 5075D IM 51.7 ± 1.5 51.5 ± 0.9 50.9 ± 2.2

Ab 19606R IM 48.3 ± 0.4 45.0 ± 0.7 51.9 ± 2.5

A collaborative team, distinguished by an Innovation in Taiwan Award of the Institute for Biotechnology and Medicine In-
dustry and Research Center for Biotechnology and Medicine Policy, has reported an investigation of the bone growth in 

additive-manufactured implants using Ti6Al4V and bioactive glass- powder composite.1 E-Wen Huang (National Chiao Tung 
University & Industrial Technology Research Institute) led the multi-scale characterization team to investigate the underly-
ing mechano-biological processes at varied scales due to the hierarchical nature of the bones.2 With customized geometry 
made by one-step mixing of the bioactive ceramic in the metallic powders, additive-manufacturing implants demonstrate 
outstanding performance in bone growth. Shao-Ju Shih (National Taiwan University of Science and Technology University) 
designed the one-step ceramic-metal powder mixing; Nien-Ti Tsou (National Chiao Tung University) invented the healing 
pattern analysis for implant geometry, and Meng-Huang Wu (Taipei Medical University) performed the surgery.

Neutron Experiments Exploring Advanced Metallurgy
AM and HEA are two emerging topics to advance metallurgy. Newly developed additive-man-
ufacturing implants and a summary of how neutron experiments reveal the HEA deformation 
behaviours are reported.
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Specifically, additive manufacturing (AM) brings high 
degrees of geometric freedom to the production, but it 
raises a great challenge to control the microstructure het-
erogeneity and anisotropic mechanical properties induced 
by localized rapid cooling and directional solidification. It 
is hence important to apply neutron diffraction measure-
ments in situ to reveal the mechanical behavior of the AM 
materials. Under the Neutron Program of NSRRC, Huang 
showed that, through the generation of a transient phase 
using AM, the metals are strengthened.3 The plastic anisot-
ropy and deformation-induced phase transformation of 
additive-manufactured metals were revealed. Neutron dif-
fraction in situ also unraveled the thermal history about the 
reversibility of the phase transformation of additive-manu-
facturing metals.

Using the advanced light sources at the NSRRC in Taiwan 
for the multi-scale characterizations, the team applied 
synchrotron-based high-resolution X-ray microcomputed 
tomography to microstructured images of the bulk im-
plants surgically embedded in the iliac bones at TLS 01A1. 
Transmission X-ray microscopy is also a non-destructive 
image microscopy technique, which enables the character-
ization of high-resolution X-ray radiography in both two 
dimensions and the internal microstructure tomography in 

three dimensions at TLS 01B1. The direct contacts of new 
bone, mature bone, and void areas were distinguished. The 
small- and wide-angle X-ray scattering techniques have 
been extensively carried out to identify the predominant 
orientation distribution, degree of crystalline arrangement, 
as well the shape and size of mineralized hydroxyapatite 
within the regenerating bone tissues at TLS 23A1. The 
characterization in crystallographic textures of mineral crys-
tallites acquired by X-ray diffraction is capable of evaluating 
the progress of bone remodeling and bone mineralization 
during bone healing process. To map the crystallization of 
the local bone growth, Huang’s group applied the nano 
X-ray Laue diffraction at TPS 21A for scanning across the 
boundary from the implants to the mature bone through 
the new-born bone and at TPS 23A for element mapping.

Although AM enables the freedom for the fabrication, the 
concept of high-entropy alloys (HEA) opens new space for 
many further possibilities. To investigate the complicated 
HEA, in situ neutron diffraction experiments, which simul-
taneously measure the bulk performance and the deforma-
tion at the lattice level,4 reveal great insight. For example, 
“a study of lattice elasticity from low entropy metals to 
medium and high entropy alloys”,5 supported by the Neu-
tron Program of NSRRC, is the first research revealing the 

The NSRRC Neutron Program supports Huang’s team for the neutron experiments at (a) Australian Nuclear Science and Technology Organisation; (b)  
Japan Proton Accelerator Research Complex; and (c) Spallation Neutron Source, Oak Ridge National Laboratory. [Photos courtesy of E-Wen Huang]

(c)

(b)(a)
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fundamental tensors and proposing the role of stacking 
faults for HEA using neutron diffraction measurements in 
situ. The highly cited “in-situ neutron diffraction studies on 
high-temperature deformation behavior in a CoCrFeMnNi 
high-entropy alloy”6 is the first paper using neutron diffrac-
tion to demonstrate the creep behavior of the HEA. More-
over, Huang’s team quantifies the vacancy concentration 
using neutron diffraction; Huang’s group is the earliest few 
to point out the elemental effects on HEA vacancy and 
heterogeneous lattice distortion subjected to quasi- 
equilibrium heating.7 For improved fatigue life, neutron 
diffraction measurements explain why HEA are promising 
for longer lifetime.8

In summary, this report shows systematic research using 
multi-scale neutron measurements for research on AM 
and High Entropy Alloys. The underlying mechanisms are 
revealed for better design and fabrication of the advanced 
metallurgy. (Reported by E-Wen Huang, National Chiao 
Tung University)

This report features the work of E-Wen Huang and his collab-
orators published in Acta Mater. 201, 412 (2020) and Mater. 
Chem. Phys. 230, 83 (2019); and the work of K. N. Tu and his 
collaborators published in Sci. Rep. 9, 14788 (2019).  
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