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Versatile and Highly Efficient Controls of Reversible 
Topotactic Metal–Insulator Transitions through Proton 
Intercalation
Shanquan Chen, Haiping Zhou, Xing Ye, Zuhuang Chen, Jinzhu Zhao, Sujit Das, 
Christoph Klewe, Lei Zhang, Eduardo Lupi, Padraic Shafer, Elke Arenholz, Dun Jin, 
Haoliang Huang, Yalin Lu, Xiaowen Li, Meng Wu, Shanming Ke, Hu Xu, Xierong Zeng, 
Chuanwei Huang,* Lane W. Martin, and Lang Chen

The ability to tailor a new crystalline structure and associated functionalities 
with a variety of stimuli is one of the key issues in material design. 
Developing synthetic routes to functional materials with partially absorbed 
nonmetallic elements (i.e., hydrogen and nitrogen) can open up more 
possibilities for preparing novel families of electronically active oxide 
compounds. Fast and reversible uptake and release of hydrogen in epitaxial 
ABO3 manganite films through an adapted low-frequency inductively 
coupled plasma technology is introduced. Compared with traditional 
dopants of metallic cations, the plasma-assisted hydrogen implantations 
not only produce reversibly structural transformations from pristine 
perovskite (PV) phase to a newly found protonation-driven brownmillerite 
one but also regulate remarkably different electronic properties driving the 
material from a ferromagnetic metal to a weakly ferromagnetic insulator 
for a range of manganite (La1−xSrxMnO3) thin films. Moreover, a reversible 
perovskite-brownmillerite-perovskite transition is achieved at a relatively 
low temperature (T ≤ 350 °C), enabling multifunctional modulations for 
integrated electronic systems. The fast, low-temperature control of structural 
and electronic properties by the facile hydrogenation/dehydrogenation 
treatment substantially widens the space for exploring new possibilities of 
novel properties in proton-based multifunctional materials.
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1. Introduction

Functional solid-state materials with novel 
structures lay the foundation for the sus-
tainable development of modern electronic 
technologies. The ability to tailor a new 
crystalline structure and associated func-
tionalities with a variety of stimuli is one 
of the key issues in material design. Devel-
oping synthetic routes to functional mate-
rials with partially absorbed nonmetallic 
elements (i.e., hydrogen and nitrogen) 
could open up possibilities for preparing 
novel families of electronically active oxide 
compounds. Hydrogen, the smallest and 
lightest element, has been readily incorpo-
rated in materials to induce diverse phase 
transformations and give rise to unprec-
edented electronic properties.[1,2] Highly 
contrasting electronic properties have 
emerged,[3–10] reflecting the decisive role 
of hydrogen implantation in determining 
the crystalline structure and physical 
properties of a wide variety of functional 
materials. In particular, such delicate 
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engineering has been embodied incisively and vividly in tran-
sition-metal oxides accompanied by emergent multitudinous 
behaviors, including strong modulations of magnetic ordering, 
metal-to-insulator transitions, and superconductivity.[3,6–8]

Functional oxides, particularly, the perovskite oxides (ABO3), 
with flexibly adjustable crystalline structures and a wide ranges 
of functionalities, including ferroelectricity, ferromagnetism, 
multiferroicity, superconductivity, metal-to-insulator transitions, 
etc. have attracted extensive attention in past decades.[11–16] The 
remarkable modulations of the electronic functionalities of perov-
skites (PVs) have been largely achieved via misfit strain,[17–23] 
metallic-cation doping,[11,24] oxygen atmosphere,[25–29] crystal-
lographic orientation,[30–33] and film thickness.[19,34–36] Previous 
studies have mainly focused on chemical doping either into the 
A or B site with inorganic metallic cations.[11,24,37,38] Very recently, 
the search for new functionalities through nonmetallic elemental 
doping (e.g., hydrogen and nitrogen) as cation or anion in perov-
skite oxides has become highly active[5,8,9,39,40] as a result of the 
different ionic radii, charge, and electronegativity among oxygen, 
nitrogen, and hydrogen.[8,41–44] This rational synthesis strategy 
has recently provided an alternative approach to effectively 
tune structural and chemical varieties and the consequential 
functionalities of complex-oxide compounds.[6,8,39,41,45–47] These 
methods, however, generally involve time-consuming processes 
(i.e., several hours) or high-temperature annealing (T > 400 °C) 
in to achieve the desired effects.[3,5,41,48] The sluggish chemical 
conversion and high-temperature environment required for 
hydrogen or nitrogen implantation are unrealistic for technolog-
ical applications.

Herein, an adapted low-frequency inductively coupled plasma 
(LFICP) technology, generating active hydrogen plasmas with 
high density and radical ionization,[49] is employed to realize a 
fairly low-temperature (T ≤ 300 °C) and fast hydrogen implanta-
tion process (i.e., within a few minutes) in various manganite 
La1−xSrxMnO3 (LSMO, x  =  0.2, 0.3, and 0.7) thin films. Com-
pared with traditional dopants of metallic cations, the plasma-
assisted hydrogen implantations not only produce reversibly 
structural transformations from pristine PV (La1−xSrxMnO3.0) 
to protonation-driven brownmillerite (HBM, HyLa1−xSrxMnO2.5, 
HLSMO) structures (Figure  1) but also regulate remarkably 

different electronic properties driving the material from a fer-
romagnetic metal to a weakly ferromagnetic insulator. It is 
revealed via first-principles calculations that the stable crystal-
line structure of hydrogenated HBM phase of HLSMO films 
contains alternate octahedral layer, and pyramidal and plane 
layers, in sharp contrast to the previously reported octahedral/
tetrahedral geometry for materials with brownmillerite (BM) 
phase. This fast and facile modulation of crystalline structure 
and physical properties via hydrogenation substantially widens 
the space for exploring more novel structures and functionali-
ties in functional oxides.

2. Results and Discussion

Here, we first deposited PV LSMO [x = 0.3, LSMO(7/3)] films 
on (001)-oriented SrTiO3 (STO), LaGaO3 (LGO), and (LaAlO3)0.3-
(Sr2AlTaO6)0.7 (LSAT) single substrates by pulsed-laser depo-
sition (PLD) (details in the Experimental Section). In order to 
determine the structural changes, we performed X-ray diffrac-
tion (XRD) measurements on both pristine and the hydrogen-
plasma-treated manganite films. Figure  2a shows the XRD 
θ–2θ scans of the pristine LSMO(7/3) heterostructures depos-
ited in an oxygen pressure of 15  Pa (i.e., LSMO(7/3)/LSAT, 
LSMO(7/3)/LGO, and LSMO(7/3)/STO), which exhibit high-
quality perovskite without impurity phases. The corresponding 
out-of-plane lattice parameter c of LSMO(7/3) thin films (black 
curve, Figure  2c) is gradually decreased (3.893, 3.860, and 
3.855 Å, respectively) due to the tunable misfit stains from the 
various substrates, relative to bulk LSMO(7/3) (c  =  3.876  Å). 
The as-grown perovskite LSMO(7/3) films were then treated 
by hydrogen-plasma injection in a LFICP system. After a low-
temperature and fast hydrogenation process (i.e., 300  °C and 
10 min), the diffraction peaks of the films (Figure 2a) consid-
erably shifted toward a lower angle position, accompanied by 
an additional peak at ≈32° emerging. Meanwhile, a doubling 
of the c lattice is obviously displayed in the treated HLSMO 
films, stemming from the alternative stacking of octahedral 
and tetrahedral sub-layers along the film-deposition direction. 
This diffraction pattern signifies a typical BM phase.[28] Note 

Figure 1.  Schematics of LSMO films a) before (pristine perovskite) and c) after hydrogenation (brownmillerite) via b) hydrogen plasma treatments.



that the c lattice (with pseudocubic lattice parameter of 4.18 Å) 
further increases in the newly found HBM phase of hydrogen-
ated HLSMO(7/3) films, compared to the conventional oxygen-
vacancy-induced BM phase (c = 4.11 Å).[48] This fast (t ≤ 10 min) 
PV-HBM conversion due to the high-chemical reactivity of the 
hydrogen plasma has not been widely explored, in sharp con-
trast to the previously extensively reported time-consuming (up 
to several days and above 500 °C) thermal process.[48,50] We also 
stress that the HBM phase is stable over long times (at least 
50 d or more) in ambient atmospheres (Figure S2, Supporting 
Information). More importantly, we further examine the appli-
cability of the present method, which can be generally applied 
to various LSMO manganite heterostructures. For example, the 
rapid PV-HBM transitions were realized in different manganite 
heterostructures [i.e., LSMO(7/3)/STO, LSMO(7/3)/LGO, and 
LSMO(7/3)/LSAT in Figure 2a,c] or the LSMO(7/3)/LSAT sys-
tems synthesized in various oxygen pressures (i.e., 5.0 ×  10−4, 
1.0 × 10−2, and 15.0 Pa shown in Figure 2b,d). These findings 
contrast with the previous results, which claimed that the occur-
rence of BM phase has a particular relationship with the oxygen 
content of the pristine LSMO films.[50] More interesting, the 
present versatile plasma process also enables similar topotactic 
transformations in other La1−xSrxMnO3 (for example, x  =  0.2
and 0.7) epitaxial systems, demonstrating a clear HBM phase 
in La0.8Sr0.2MnO3/LaAlO3 and La0.3Sr0.7MnO3/LaAlO3 systems 
(Figure S1, Supporting Information). We note that there is no 
apparent peak position change in any of the substrates involved, 
suggesting a negligible effect of the hydrogenation process 
on the substrates. Thus, this low-temperature hydrogenation 
process, as a fast and efficient way to achieve a topotactic 
transformation, can be applied to various epitaxial manganite 
heterostructures while being insensitive to the chemical com-
positions, substrates, and oxygen-deposition pressure.

To obtain more information on the structural modulation, the 
dynamic evolution between PV and HBM phases was further 

characterized. It is found that the hydrogen plasma-induced 
HBM phases in the LSMO films can be readily restored back 
to the initial perovskite phase via simple oxygen annealing in a  
relatively low temperature (300 °C) environment. Figure 3a shows 
the reversible topotactic transitions in the LSMO(7/3)/STO  
system through the hydrogenation/dehydrogenation processes. 
Compared with the as-grown counterpart, the (00l) peak of the 
hydrogenated HLSMO(7/3) films shifts to a lower angles, indi-
cating an increasing c lattice up to ≈4.18 Å. The c lattice reduces 
to 3.858 Å after annealing at 300  °C, suggesting a recovery to 
the perovskite structure (PV’). To further determine the strain 
states of the LSMO(7/3)/STO heterostructures, reciprocal 
space mapping (RSM) measurements (Figure  3b) were con-
ducted. The results reveal that coherently strained, high-quality 
heterostructures with identical in-plane lattices are achieved 
(Figure  3c) in all of the pristine, hydrogenated, and annealed 
LSMO(7/3) films. Consequently, this lattice change during 
hydrogenation results in unit-cell volume expansion from 
58.79 to 63.74  Å3 (i.e., a change of ≈8.4%). From an applica-
tion perspective, the hydrogenation/dehydrogenation induced 
reversible structural modulations presented here enable poten-
tial applications, such as hydrogen storage.[3] These findings 
derived here could deepen the current understanding and pos-
sibly offer insights to the reversible perovskite/brownmillerite 
phase transitions in oxide films of different structural states via 
facile hydrogenation/dehydrogenation processes.

Consequently, the hydrogenation process also has a great 
influence on the electrical and magnetic properties of the 
LSMO(7/3) films. As plotted in Figure  4a, significant changes 
were observed on the temperature-dependent in-plane magneti-
zation (M–T curves) for pristine, hydrogenated (HBM phase), 
and dehydrogenated (annealed) LSMO(7/3) films. The Curie 
temperature (Tc) of the pristine LSMO(7/3) films is ≈340 K, con-
sistent with previously reported values.[34,51] The ferromagnetism 
of the hydrogenated HLSMO(7/3) films with the HBM phase, 

Figure 2.  XRD θ–2θ patterns and evolution of the c lattice for pristine and hydrogenated a,c) LSMO (7/3) films grown on STO (a = 3.905 Å), LGO 
(a = 3.892 Å), and LSAT (a = 3.868 Å) substrates and b,d) LSMO(7/3)/LSAT systems deposited with different oxygen pressures (5.0 × 10−4, 1.0 × 10−2, 
and 15.0 Pa).



however, is dramatically suppressed, with a visible ferromag-
netic signal retained up to only ≈100 K. A well-defined magnetic 
hysteresis loop arises as clearly shown in Figure 4b, providing 
evidence for the weak ferromagnetism in the newly found 
HBM phase in hydrogenated HLSMO(7/3) films. In contrast, 
no coercive field is detected in the conventional LSMO(7/3) 
films with the BM phase, as expected for this antiferromag-
netic phase.[48] Notably, ferromagnetism with high Tc  ≈ 340 K 
can be fully restored after the low-temperature dehydrogenated 

process (i.e., oxygen annealing process) for the HLSMO(7/3) 
films. Compared with the antiferromagnetic BM phase, the 
saturated magnetization (Ms) (inset of Figure  4a) is 470, 35, 
and 480 emu cc−1 for pristine (PV), hydrogenated (HBM), and 
dehydrogenated (annealed, PV’) phases, respectively. Clearly 
different magnetic properties are also observed (as shown at 
inset of Figure  4a) for the postannealing induced BM phase 
and the present hydrogenated HBM one, possibly attributed to 
the successful implantation of H+ in the HLSMO films, as later 

Figure 4.  Temperature-dependent magnetic and electronic properties. a) Magnetization-temperature (M–T) curves (measured in the applied magnetic 
field of 500 Oe, parallel to the film plane). The inset shows the different saturated magnetizations among PV, BM (ref. [48]), HBM, and PV’ (annealed) 
films measured at 10 K. b) Magnetic hysteresis (M–H) loops measured at 10 K with the magnetic field parallel to the film plane and c) temperature-
dependent resistivity measured for pristine, hydrogenated (upper red region), and restored LSMO (7/3) films, the inset shows the tunable resistances 
of PV, HBM, and PV’ (annealed) films measured at room temperature (RT).

Figure 3.  Structural evolution of LSMO(7/3) films via hydrogenation and dehydrogenation processes. a) XRD θ-2θ scans and b) RSM measurements 
around the (103) reflection for pristine, hydrogenated, and annealed LSMO(7/3) films. c) The epitaxy and lattice parameters for the reversible PV-HBM-
PV’ transformations of LSMO(7/3) films.



confirmed by oxygen K-edge X-ray absorption s pectroscopy 
(XAS) measurement. Furthermore, the hydrogenation process 
simultaneously results in significant changes to the electrical 
transport of the LSMO(7/3) films. Compared with the metallic 
phase observed for pristine/annealed LSMO(7/3) films, the 
electrical transport measurements plotted in Figure 4c and the 
inset show that the resistivity of the hydrogenated HLSMO(7/3) 
films increases at least five orders of magnitude (i.e., exceeding 
the measurement range of the physical properties measure-
ment system (PPMS)), revealing a metal-to-insulator transition 
via the hydrogen plasma treatment. Remarkably, this hydro-
genation-induced insulating HBM phase in the HLSMO(7/3) 
films can readily be turned back to the metallic one by simply 
annealing in an oxygen atmosphere (i.e., at 300 °C, 1 h); a 
change also accompanied by the recovery of the crystalline 
structure and magnetic properties. Moreover, similar modula-
tions of magnetic and electrical properties could be achieved 
in other LSMO(7/3) heterostructures (Figure S3, Supporting 
Information) via the hydrogenation/dehydrogenation process. 
Well defined magnetic hysteresis loops with different saturated 
magnetizations are demonstrated in all hydrogenated het-
erostructures (Figure S3a,b, Supporting Information). Similar 
enhanced resistivity was previously observed in the PV-BM 
phase transition of LSMO(7/3) films v ia e lectron-beam i rra-
diation in a transmission electron microscope.[29,52] Thus, the 
observed multilevel changes in magnetic and electrical proper-
ties among the PV, BM, HBM, and annealed PV’ phases offer 
further evidence of the distinctive structural and electronic 
modulations in manganite thin films using hydrogen plasma.

To further determine the origin of the reversible structural 
transition and relevant modulations of electronic properties 
during hydrogenation/dehydrogenation, the content of 
hydrogen and the valence state of manganese in the hydrogen-
ated HLSMO have been investigated (Figure 5). Secondary-ion 
mass spectrometry (SIMS) measurements were carried out 
to explore the hydrogen content in the heterostructures and 
revealed the successful incorporation of hydrogen into the 
HLSMO(7/3) films as compared to the pristine LSMO(7/3) 

films. More importantly, the hydrogen accumulates at the region 
of LSMO films near the substrates (light-green in Figure  5a), 
which is consistent with above XRD data (Figures  2 and  3)  
that no peak position shifts for the substrates. It has been 
reported theoretically that the H+ ions are bonded to the apical 
O2− ions in tetrahedral layers of hydrogenated oxide films within 
the HBM phase.[8] On the contrary, no distinctive gradient dis-
tribution of hydrogen was detected in the as-grown LSMO(7/3) 
films, reconfirming that no protonation has occurred at the sub-
strate region. In combination with the oxygen-insensitive hydro-
genation, as plotted in Figure 2b, hydrogen intercalation could 
be regarded as a major origin for oxygen extraction and the 
subsequent topotactic PV-HBM and electronic transformations 
in LSMO(7/3) films. The subsequent oxidation states of the 
elements in LSMO(7/3) films during hydrogenation/dehydro-
genation were determined using soft XAS. To clearly evaluate 
the manganese valence state of the hydrogenated HLSMO(7/3) 
film, the spectra of bulk SrMnO3 (i.e., Mn4+ reference), LaMnO3

(i.e., Mn3+ reference), and MnO (i.e., Mn2+ reference) are plotted 
below the spectra of PV/HBM/PV’ films (Figure 5b).[53,54] Drastic 
changes in spectra features indicate that the valence state of the 
manganese is clearly different for the pristine, hydrogenated 
(HBM phase), and dehydrogenated (annealed) LSMO(7/3) films 
(Figure  5b). These XAS spectra show mixed-valence Mn3+ and 
Mn4+ in the pristine LSMO(7/3) films, consistent with stoichio-
metric LSMO(7/3) films.[22] The peak position of the manganese 
L-edge shifts toward lower energy compared with the reference
MnO spectrum, which implies a dominant presence of Mn2+

for the hydrogenated HLSMO(7/3) films. Thus, the estimated
hydrogen content in HBM phase is roughly 0.3 (i.e., y  =  0.3,
as in H0.3La0.7Sr0.3MnO2.5), assuming the +1 state of hydrogen
ions. This finding also reveals that the hydrogen content forms
H+ in the present system, in sharp contrast to the CaH2 induced
hydrogen anions H−.[39] Meanwhile, this reduced valence of 
manganese from +3.3 to +2.0 accounts for the further inflated 
c lattice (4.18  Å, Mn2+) of epitaxial hydrogenated HLSMO(7/3) 
within the HBM phase, compared with that (4.11 Å, Mn2.3+) in 
the original BM phase. More importantly, the absorption spectra 

Figure 5.  a) Depth profiles of H, Mn, and Ti ions for pristine LSMO and hydrogenated HLSMO films, measured with secondary-ion mass spectrometry 
(SIMS). XAS spectrum of b) the Mn L-edge and c) O K-edge of LSMO films (pristine, hydrogenated (HBM phase), and dehydrogenated (annealed, 
PV’). The light-green and pink shading in (c) represent the MnO and La/SrO hybridizations, respectively.



at the manganese L-edge of the annealed LSMO(7/3) films 
have been nearly recovered to that of the pristine LSMO(7/3). 
Variations of the oxygen K-edge spectra further support the 
presence of H+, with significantly suppressed peak intensity in 
the HLSMO(7/3) films around 527–535 ev and significant peak 
shifts in the range of 535–545 ev, which are associated with  
weaker MnO bonds and La/SrO hybridizations, respectively.
Altogether, these results support the observation of significant 
incorporation of H+ which gives rise to the topotactic phase 
transformation and consequently variations of the manganese 
valence state, which results in deteriorated MnO orbital
hybridizations and weakened ferromagnetism in the new-found 
HBM phase of hydrogenated LSMO(7/3) films. The BM phase 
of ABO2.5 usually consists of alternate stacks of BO4 (square 
plane, tetrahedra),[8,28] BO5 (pyramid), or BO6 (octahedra) 
layers.[55] Based on first-principles calculations, it is predicted 
that the optimized crystal structure of HBM phase of HLSMO 
films contains three types of Mn coordination geometries (i.e., 
an alternate stacking of octahedral layer, and pyramidal and 
plane layers along c axis, as shown in Figure  S4, Supporting 
Information). This finding is in sharp contrast to the previously 
reported alternate octahedral/tetrahedral sub-layers for ABO2.5 
with BM phase.[28,29,48]

3. Conclusions

In summary, versatile modulations of the hydrogen uptake 
and release in epitaxial LSMO films could be achieved rapidly 
(t  ≤ 10 min) at low temperatures (T  ≤ 300  °C) by a highly 
efficient hydrogen-plasma treatment. The rapid and low-
temperature protonation enables reversible structural phase 
transformations and distinctive electronic modulations, accom-
panied by a pronounced valence change of the manganese ions. 
A novel, weakly ferromagnetic insulating state was achieved in 
the hydrogenated HLSMO(7/3) films with a newly found HBM 
phase, consisting of alternate octahedral layer, and pyramidal 
and plane layers based on first-principles calculations. This 
facile hydrogenation/dehydrogenation process could open 
up new possibilities for multilevel phase modulations with 
rich functionalities and provide opportunities to design novel 
proton-based multifunctional materials, such as hydrogen 
storage devices and integrated electronic devices.[1,56]

4. Experimental Section
LSMO films were grown on [001]-oriented single crystal substrates by 
PLD with tunable misfit strains from compressive strains to tensile 
ones. The deposition parameters were optimized with an oxygen 
pressure range from 5.0 × 10−4 to 15.0 Pa, a laser fluence of 0.5 J cm−2, 
a repetition rate of 3 Hz, and a deposition temperature of 720.0 °C. The 
films were cooled to room temperature at a rate of 20 °C min−1 in the 
same deposition oxygen atmosphere. The thickness of the LSMO films 
was fixed at 20.0 nm. The epitaxial LSMO thin films were then treated 
by the hydrogen plasma (Figure 1) at low temperatures (T ≤ 300 °C) in 
the LFICP system. The hydrogen flux was fixed at 20 sccm. The plasma 
treatments were optimized with a power of 1800 W, a voltage bias of 
−80  V, and a treated time of 5–10 min. The hydrogen cations H+, 
rather than H− or electron e, can be injected into LSMO films with the 
negative voltage bias (−80 V). The HLSMO films were annealed in the 

PLD chamber for 1 h to release the hydrogen with an oxygen pressure of 
100 Pa at 300 °C.

The crystal structure analysis of the LSMO films was characterized 
by a high-resolution four-circle X-ray diffractometer (XRD, Rigaku-
Smartlab, 9 KW). The out-of-plane lattice parameters of the LSMO films 
were determined by θ−2θ scan, whereas the in-plane lattice parameters 
and the epitaxy of the films were confirmed by RSM. The thicknesses 
of the LSMO films were determined by X-ray reflectivity. The magnetic 
properties of the LSMO films were measured using a PPMS (Quantum 
Design, EverCool- II). Element-specific X-ray a bsorption s pectra w ere 
collected at beamline 4.0.2 of the Advanced Light Source at the Lawrence 
Berkeley National Laboratory with a grazing incidence angle of 30°.

To directly check the information of hydrogen, SIMS measurements 
were carried out. During the measurement, a cesium-ion beam (1 KeV) 
was employed to detect over a region of about 100 × 100 µm2. The 
signals of H, Mn, and Ti were recorded simultaneously. The interface 
position can be determined by the measured distributions of H, Ti, and 
Mn (i.e., the gradient distribution region).

The electronic bandgap of the HLSMO film was o btained v ia the 
Vienna ab initio simulation package.[57] The core–valence interactions 
were treated by the projector augmented wave method, where the 
plane wave expansion is truncated with a cutoff energy of 500 eV. The 
exchange-correlation functional with the Perdew–Burke–Ernzerhof (PBE)  
approximation employed. To better determine the ground state, a 
k-mesh with a 2 × 2 × 1 Monkhorst–Pack grid in momentum space is 
used in self-consistent calculations. The on-site Coulomb repulsion is 
introduced beyond the generalized gradient approximation (GGA), i.e., 
GGA+U calculations to fit the strongly correlated effects of 3d electrons 
in Mn.[58] The value of on-site Coulomb repulsion energy is chosen to 
be 4 eV. In order to optimize crystalline structures of hydrogenated BM
phase for manganite films, a similar composition of H0.5La0.8Sr0.2MnO2.5 
film was studied as a model system. Various structural possibilities 
of alternate supercells of HBM manganites, consisting of planar, 
tetrahedral, pyramidal, or octahedral geometries, were explored.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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