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ABSTRACT: We report on a new synthesis pathway for Mg n-
propoxide nanowires (NWs) from Mg ethoxide nanoparticles using a
simple alkoxy ligand exchange reaction followed by condensation
polymerization in n-propanol. In order to uncover the morphology−
structure correlation in the metal alkoxide family, we employed a
powerful range of state-of-the-art characterization techniques. The
morphology transformation from nanoparticles to nanowires was
demonstrated by time-lapse SEM micrographs. Fourier transform
infrared spectroscopy (FTIR) and nuclear magnetic resonance
spectroscopy (such as 1H NMR and solid-state 13C cross-polarization
(CP)-MAS NMR) illustrated the replacement of ethyl by n-propyl
and metal alkoxide condensation polymerization. We identified
chemical formulas of the products also using NMR spectroscopy.
The crystal structure simulation of Mg ethoxide particles and Mg n-propoxide NWs provided insights on how the ligand exchange
and the associated increase in the fraction of OH groups greatly enhanced Mg alkoxide bonding and enabled a higher degree of
coordination polymerization to facilitate the formation and growth of the Mg n-propoxide NWs. The discovered synthesis method
could be extended for the fabrication of other metal alkoxide (nano) structures with various morphologies.

KEYWORDS: Mg alkoxides, nanowires, ligand exchange, morphology−structure correlation, growth mechanism

■ INTRODUCTION

The versatile ancillary ligands, highly varied steric structure,
and diverse metal ions allow metal alkoxides and their
derivatives to offer high solubility in many organic solvents
and a broad range of chemical and physical properties for
multiple industrial applications.1−3 Metal alkoxides are also
highly reactive and often rapidly undergo hydrolysis (reaction
with water, if present), alcoholysis (reaction with other
alcohols), condensation (combining smaller molecules into
larger ones), and gelation (forming three-dimensional net-
works) to form alkoxide oligomers and polymers. They are
often used as catalysts or intermediates in polymerization,
trans-esterifications, and condensations4 and as precursors for
the formation of oxides in the form of the bulk ceramics or
nanostructured materials and thin films,5−7 often using
chemical vapor deposition (CVD) techniques.
Recently, we reported a new mechanism for the formation of

alkoxide nanowires (NWs), which was based on the strain
energy minimization at the boundary of the chemical
transformation front and enabled direct transformation of
bulk bimetallic Al−Li and Mg−Li alloys into Al alkoxide NWs
upon the alloys’ exposure to suitable alcohols.8−10 In the case
of Mg alkoxide (propoxide) NWs, the suitable alcohols were
found to be n-propanol or iso-propanol, while ethanol was

found to produce Mg ethoxide particles.10 In the prior art
studies, ligand exchange has been applied for the preparation of
nanostructures with specific morphology through colloidal
syntheses.11 For example, when mixing a solution of HAuCl4
with hexadecyltrimethylammonium bromide (CTAB) at a
concentration above its critical micelle concentration, the
ligand exchange between the counterion (Br−) of CTAB and
the counterion (Cl−) of HAuCl4 resulted in the formation of
CTAB micelles, which enabled the formation of Au 1D
nanostructures.12,13 In one recent example, ZIF-8 nanocryst-
als/Au nanobelts were prepared by replacing benzenedicarbox-
ylate in ZnBDC nanoplates with oleylamine in the presence of
HAuCl4.

14 The morphological change was quite significant,
although the shape change mechanism was not studied in
detail.
Here we report on another interesting phenomenon, where

alkoxy ligand exchange of freshly produced Mg ethoxide
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particles or nanoparticles (NPs) upon their exposure to n-
propoxide leads to the condensation polymerization and the
formation of Mg n-propoxide NWs. To our knowledge, this is
the first time such a dramatic morphological change (from
nanoparticles to NWs) has been reported though simple
alcohol ligand exchange (i.e., alcohol interchange reaction).
Crystal simulations provided additional insights on the
configuration of Mg n-propoxide NWs and Mg ethoxide
NPs, helping us to reveal the NW growth mechanism. The
diameters of the NWs were found to be tunable by the shape,
size, porosity, and ligand group of Mg alkoxide precursors. The
obtained Mg alkoxides could be further used for catalysis,15,16

energy conversion and storage,17 and high-tech metal oxide
nanomaterials18−20 among other applications.

■ RESULTS AND DISCUSSION

Synthesis of MgLi Alloys as Precursors for Ethoxide
Nanoparticles.MgxLi1−x alloys, in which x = 0.1, 0.2, 0.5, and
0.7, were prepared by a rapid heating process of the mixtures of
Mg and Li metals. X-ray diffraction (XRD) analysis of the
alloys shows the presence of crystalline Mg−Li phases without
noticeable metal oxide or metal carbide impurities (Figure 1).
Also, no slags were observed when the obtained alloys were cut
into small pieces. The Mg0.9Li0.1 alloy consists of only an α-Mg
phase, which confirms the homogeneity of the prepared sample
(Figure 1a). Scanning electron microscopy (SEM) shows the
average diameter of the alloy grain of 30−40 μm with well-
defined elongated geometry. The binary Mg0.8Li0.2 alloy
consists of a dual α-Mg phase and β-Li phase.21 A good
agreement of the position of Mg0.8Li0.2 alloy XRD peaks with

Figure 1. XRD pattern (a) and scanning electron microscopy (SEM) (b−e) micrographs of Mg0.9Li0.1, Mg0.8Li0.2, Mg0.5Li0.5, and Mg0.3Li0.7.

Figure 2. Time-lapse micrographs of swelling (a) Mg ethoxide-50 particles in n-propanol for 1 h (b), 6 h (c), 12 h (d), 36 h (e), and 72 h (f) at 80
°C. (g) Schematic illustration of the transformation of Mg0.5Li0.5 to Mg n-propoxide NWs.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c21757
ACS Appl. Mater. Interfaces 2022, 14, 13820−13827

13821

https://pubs.acs.org/doi/10.1021/acsami.1c21757?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c21757?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c21757?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c21757?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c21757?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c21757?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c21757?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c21757?fig=fig2&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c21757?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Li0.184Mg0.816 (ICDD Card No. 04-003-6264) was observed.
Rod-like alloy grains were observed in Mg0.8Li0.2 alloy, which is
commonly found in eutectic alloys (Figure 1c). The elements
of Mg and O (which indicates the position of Li) were
distributed homogeneously according to the EDS results
(Figure S1). The Mg0.5Li0.5 and Mg0.3Li0.7 alloys are both
composed of only a β-Li phase, indicating the homogeneity of
the synthesized phases. The Mg0.5Li0.5 alloy appears in the
largest grain size (40−60 μm) among the synthesized samples
with well-defined grain boundaries. The darker contrast of the
grain boundaries indicates their Li-rich nature as compared to
the alloy grains, which could facilitate the reaction with
alcohols. The Mg0.3Li0.7 alloy appears in the form of elongated
egg-shaped grains with well-defined grain boundaries. The
absence of the differences in contrast allows one to assume that
the composition of the grain boundaries and alloy is
homogeneous (Figure S1). MgLi alloy with a higher Li
content would result in a higher reactivity (e.g., with
alcohols).8

Dealloying of MgLi Alloys in Ethanol to Form Mg
Ethoxide Nanoparticles. The dissolution of Li from the
MgLi alloys creates the conditions for residual Mg (not
protected by the surface native oxide film) to react with
alcohols with the formation of insoluble alkoxide species (the
involved chemical reaction is MgLi + EtOH → LiOEt +
Mg(OEt)2 + H2↑), while LiOEt could be easily removed due
to its high solubility in ethanol. In the case of n- or iso-
propanol, gradually produced Mg propoxides exhibit 1D (NW)
morphology.8,10 However, much faster room temperature
dealloying of the MgLi alloys in ethanol resulted in the
formation of white precipitatesspherical agglomerates of
NPs with an average diameter of 2−3 μmas was evidenced
by the SEM analysis.1,3 The observed difference in the reaction
rate and/or the chemical composition of the alkoxide species
may play a major role in the shape-control over the Mg
alkoxides and favor formation of either 1D structures (in
propanol) or small particles (in ethanol).

Ligand Exchange in Mg Ethoxide Particles. In this
study, we want to test a hypothesis that the chemistry of the
ligand (propoxide vs. ethoxide) may have a significant impact
on either the tendency or the ability of the Mg alkoxide to
form NWs. To investigate such an impact, we deployed the
alkoxide exchange strategy by initially forming the Mg ethoxide
particles and then replacing the ethoxide ligands by the n-
propoxide ligands (the main chemical reaction is Mg(OEt)2 +
n-PrOH → Mg(OEt)2 + EtOH). For this, we reacted freshly
formed Mg ethoxide nanoparticles with n-propanol at 80 °C
for 72 h. The choice of the propanol solvent and reaction
conditions was based on our previous findings of the one-step
NW formation upon exposure of MgLi to propanol alcohols.10

The mechanism of alcohol interchange reaction is a well-
known bimolecular nucleophilic substitution reaction (SN2),
where Mg ethoxide molecules bind n-PrOH (attacking
nucleophile) to give a discrete intermediate, followed by a
fast loss of −OEt ligand.22 To our surprise, the ligand exchange
in all four studied samples resulted in the appearance of NWs,
as revealed by the SEM analyses (Figures 2 and 3).

NW Growth Mechanism. Figure 2 shows the evolution of
NWs from bulk particles at different time intervals. The
starting point of the reaction denotes the aggregates of
irregular spheroidal nanoparticles with an average diameter of
∼400 nm and moderate surface roughness (Figure 2b). After 1
h at 80 °C, the surface of Mg ethoxide evolved into a
protruded surface with 10−20 nm bumps in diameter (Figure
2c). At 6 h of reaction time, we observed the formation of the
axially oriented NWs that grew axially from the particle surface.
The NWs exhibit an average length ranging 500 nm and an
average diameter of ∼50 nm (Figure 2c). Upon further Mg
ethoxide-to-Mg n-propoxide transformation, these NWs
continue to grow from the particle surface without noticeable
orientation. Between 12 and 36 h of reaction time, the surface
of the particles noticeably erodes (Figure 2e), rendering their
complete consumption after 72 h. A full-grown NW is ∼5 μm

Figure 3. SEM micrographs of (a) Mg ethoxide-10, (b) Mg ethoxide-20, (c) Mg ethoxide-50, and (d) Mg ethoxide-70 dealloyed from Mg0.9Li0.1,
Mg0.8Li0.2, Mg0.5Li0.5, and Mg0.3Li0.7 alloy with ethanol, respectively. Mg n-propoxide NWs: (e) NWs-10, (f) NWs-20, (g) NWs-50, and (h) NWs-
70 obtained from swelling Mg ethoxide-10, Mg ethoxide-20, Mg ethoxide-50, and Mg ethoxide-70 in n-proponal at 80 °C for 3 days, respectively.
(i, j) Dimeter and width distribution of Mg ethoxide particles and Mg n-propoxide nanowires.
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in length, while retaining ∼80 nm diameter and exhibiting an
aspect ratio of ∼60.
Condensation of Mg n-propoxide (OPrn−Mg−OPrn +

OPrn−Mg−OPrn → OPrn−Mg−O−OPrn + PrnOPrn) takes
place, accompanying the ligand exchange reaction. The newly
formed Mg n-propoxide oligomer complexes aggregate as
nuclei attach to the surface of Mg ethoxide particles. Note that
the transformation from the Mg ethoxide to Mg n-propoxide
should be accompanied by a substantial volume increase
(∼30.6% based on the molecular volume of Mg(OEt)2 and
Mg(OPrn)2) because n-propoxide ligands are bulkier (compare
−C2H5OH with −CH3CH2CH2OH). The volume expansion
will be accompanying the overall process, inducing stresses at
the boundary of the Mg ethoxide/Mg n-propoxide interphase.
The nanowire morphology minimizes such interface stress
energy. The diameter of the Mg n-propoxide NWs may be
affected by the interplay between lowering the total NW
interfacial strain energy (smaller diameter NWs should lead to
smaller NW strain energy) and lowering the total NW surface
energy (larger diameter NWs should lead to smaller NW
surface energy). The 1D shape of the n-propoxide species may
also be related to the detected presence of the hydroxyl
(−OH) groups, which facilitate H-bonding and directional
(1D) growth, as will be discussed below.

Tunable Nanowires Synthesized from Other Mg
Alkoxide Precursors. We found that the dimensions of the
Mg n-propoxide NWs depend on the size and morphology of
the Mg ethoxide particles, which, in turn, are somewhat
controlled by the MgLi alloy composition. As an example,
Figure 3 shows a difference in the morphology and size of Mg
ethoxide obtained from the reaction with MgLi alloys having
different Li content. Mg ethoxide-10 (obtained from
Mg0.9Li0.1) shows a morphology of dense fragmented particles
(∼700 nm, Figure 3a). The Mg n-propoxide NWs obtained by
the ligand exchange with Mg ethoxide-10 exhibit an average
diameter of ∼90 nm and feature connected ends, as may be
expected from their formation from the individual dense
ethoxide particles (Figure 3d). The analysis of BET nitrogen
adsorption−desorption isotherms shows the lowest BET
specific surface area (SSA) for Mg ethoxide-10 of all four
studied homemade Mg ethoxides (Figure S2a). The limited
pores in Mg ethoxide-10 may impede the diffusion of n-
propanol molecules and further result in extended time for full
ligand exchange reaction. The Mg ethoxide-20 particles are the
smallest of all studied ethoxide particles with nanoparticles
∼150 nm linked together into larger (porous) aggregates
(Figure 3b). Their larger BET SSA is indicative of much higher
pore volume (Figure S2a), which could enable a fast and
uniform alkoxy ligand exchange. The NWs yielded from the

Figure 4. (a) FTIR spectrum of Mg ethoxide and Mg n-propoxide nanowires. Abbreviations: ν - stretching, b - bending. (b, d) Solution 1H NMR of
the Mg ethoxide-50 particles and Mg n-propoxide NWs, respectively. Chemical shifts in solution NMR are relative to internal TMS (d=0). (c, e)
Solid state13C cross-polarization (CP) magic-angle-spinning (MAS) NMR spectra of the Mg ethoxide-50 particles and Mg n-propoxide NWs,
respectively. Chemical shifts are relative to internal TMS (d = 0). The 13C chemical shifts in solid-state NMR are calibrated with respect to the
adamantane at 38.45 ppm.
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Mg ethoxide-20 exhibit an average diameter of ∼65 nm with a
relatively narrow distribution (Figure S2e,g) and dense packing
(bundling). The latter could be explained by the volumetric
expansion of the Mg n-propoxide NWs over Mg ethoxide
particles. The Mg ethoxide-70 particles exhibit a nonuniform
particle dimeter from 20 nm to 1 μm yielding NWs with an
average diameter of ∼130 nm. The DFT pore size distribution
plots of Mg ethoxide-70 and Mg ethoxide-50 are similar, while
Mg ethoxide-70 exhibits a higher BET SSA and higher
mesoporous pore volume, which would shorten the required
time for full ligand exchange reaction. We speculate the local
high concentration of Mg n-propoxide monomer (or oligomer)
helps in the formation of NWs with a wide width.
Comparative Structural and Spectral Analysis of Mg

Ethoxide Particles and Mg n-Propoxide NWs. In FT-IR,
stronger aliphatic C−H stretching absorption was observed in
NWs as compared to precursor ethoxide particles (Figure 4a).
This suggests successful ligand replacement, since the C−H
aliphatic signals are expected to be more pronounced in the n-
propyl group.23,24 Both samples feature strong vibrational OH
peaks, indicating the contribution of OH groups to NWs and
particle bonding. The OH may possibly be originated from the
partial hydrolysis or thermolysis of magnesium alkoxides
(Mg(OEt)2 and Mg(n-OPr)2) to polymeric metal oxoalkoxides
(Mg−O chain surrounded by OR groups).25 The presence of
vibrations at 3700 and 3632 cm−1 suggests the contribution of

H-bondings (O···H−O− bondings and bridging O−H−
groups).24 We assigned the high wavenumber peak at 1657
cm−1 to bridging hydroxy (−O−H) or oxy groups (−O−R),
which was usually found in magnesium ethanoate and
methanolate and caused by their aggregation.24,26

1H NMR (nuclear magnetic resonance) and 13C NMR
spectra of NWs demonstrate almost a complete alkoxide
exchange featuring only small residual peaks of ethoxy groups
at 21.599 and 58.172 ppm in solid-state 13C NMR (Figure 4e).
The integration of the peaks gives the [Mg(OH)0.25(OEt)1.75]
and [Mg(OH)0.77(n-OPr)1.23] chemical formula for Mg
ethoxide particles and Mg n-propoxide NWs, respectively,
shows consistency with the FTIR (Figure 4a) and TGA data
(Figure S4). In this regard, due to the detected partial
hydrolysis or thermolysis of the alkoxides, the NWs may also
be called hydroxy-propoxide NWs. Interestingly, the NWs
feature a much higher (∼3 times) content of OH groups as
compared to the parent particles. This could be due to the
larger steric hindrance of n-propoxy groups, which allows larger
accommodation of small OH groups. We would like to
emphasize that this larger presence of OH groups could lead to
the presence of abundant sites for H-bonding to both
strengthen the material and also achieve a higher degree of
coordination polymerization, which is typical for metal organic
alkoxides.27 As such, these OH groups may enable the Mg n-
propoxide NW growth upon the transformation of the parent

Figure 5. Crystal structures of (a) Mg ethoxide and (b) Mg n-propoxide. Mg, C, H, and O atoms are denoted by orange, gray, white, and red
spheres. (c) Geometric parameters of crystal structures of Mg ethoxide and Mg n-propoxide.
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particles’ surface Mg(OH)0.25(OEt)1.75 to final Mg(OH)0.77(n-
OPr)1.23.
Steric Configuration Simulation. We used the USPEX

evolutionary algorithm in order to reveal the bonding in the
synthesized NWs and compare it to that in the regularly
arranged Mg(OEt)2 particles. We found that both Mg(OEt)2
and Mg(OH)(OPr) exhibit stable structures with 8 formula
units per conventional cell (Figure 5c). We note that the Mg
atoms in both Mg(OEt)2 and Mg(OH)(OPr) have a
coordination number of 4, as each Mg atom locates at the
center of a regular tetrahedron formed by 4 oxygen atoms.
However, Figure 5a shows that strong ionic bond connections
between Mg(OEt)2 groups only extend along the b direction,
while Mg(OEt)2 groups are held together at the other two
directions by weak van der Waals forces. As a result, it is
relatively easy to break Mg(OEt)2 groups if substantial internal
stresses are present (resulting, e.g., from surface layer volume
expansion upon the reaction of MgLi particles with ethanol),
which may lead to Mg(OEt)2 pulverization and the formation
of individual Mg(OEt)2 particles. In the case of Mg(OH)-
(OPr), the small OH groups provide another bridge between
Mg atoms, resulting in a 2-D plane with strong ionic bond
connections, which enables Mg(OH)(OPr) to withstand
internal stresses and enables the formation and growth of 1D
(NW) structures. From Figure 5, we note that Mg(OH)(OPr)
can be formed by replacing the −OEt groups along the a and c
directions with OH and OPr groups. The direction with OH
groups can extend additional −Mg−OH−Mg−OH bond
connections. The calculated FTIR pattern based on the crystal
structure of Mg(OH)(OPr) NWs generated in USPEX shows
a good match with the experimental FTIR peaks (Figure S5).

■ CONCLUSION

In this work, we reported for the first time a new catalyst-free
and template-free fabrication of metalorganic nanowires
(NWs) involving a simple alkoxy ligand exchange in spheroidal
or irregularly shaped alkoxide particles. Here, Mg n-propoxide
NWs have been produced from swelling Mg ethoxide particles
in n-propanol at 80 °C and atmospheric pressure. The
compositions of Mg ethoxide particles and Mg n-propoxide
NWs were confirmed by FTIR and NMR analyses. All Mg
alkoxide samples comprised some fractions of the OH groups,
but their amounts in Mg n-propoxide NWs were significantly
larger. The SEM micrographs recorded at different reaction
intervals showed the gradual transformation of Mg ethoxide
particles to Mg n-propoxide NWs. Crystal structure simulation
of Mg ethoxide particles and Mg n-propoxide NWs
demonstrated a significant difference in the bonding. The
Mg(OEt)2 groups are held together by weak van der Waals
forces, making Mg ethoxide rather weakly bonded and brittle
and likely subject to pulverization into (nano)particles upon
formation from the MgLi alloy due to volume-change-induced
stresses. However, exposure of Mg ethoxide into n-propoxide
at elevated temperature to induce the ligand exchange and
increase the fraction of OH groups greatly enhanced Mg
alkoxide bonding, which should not only improve alkoxide
mechanical properties but also enable a higher degree of
coordination polymerization to facilitate the formation and
growth of the Mg n-propoxide NWs. We expect the discovered
method to be applicable for the fabrication of other dense or
porous metal alkoxide, metal hydroxy-alkoxide, and metal
oxide nanostructures, including NWs.

■ EXPERIMENTAL SECTION
Chemicals. Lithium foil (battery grade, 0.75 mm, Sigma-Aldrich),

magnesium chips (99.98% pure, 6−35 mesh Sigma-Aldrich), ethyl
alcohol (pure, 200 proof, anhydrous, ≥99.5%, Sigma-Aldrich), n-
propanol (pure, anhydrous, 99.7%, Sigma-Aldrich), iso-propanol
(anhydrous, ≥99.5%, Sigma-Aldrich), methanol (pure, anhydrous,
99.9%, Alfa Aesar).

Synthesis of Mg−Li Alloys. MgLi alloys with various Li contents
(10, 20, 50, and 70 at. % of Li, marked as Mg0.9Li0.1, Mg0.8Li0.2,
Mg0.5Li0.5, and Mg0.3Li0.7, respectively) were prepared via the method
reported by us previously.8,10 Typically, 243.05 g of Mg and 69.41 g of
Li were used to produce Mg0.5Li0.5 alloy. The Mg chips and Li strips
were mixed and then heated rapidly to 750 °C (∼500 °C for
Mg0.3Li0.7 alloy preparation) at a heating rate of ∼895 °C min−1 in a
graphite crucible with an induction heater (Fluxeon Roy1500, USA).
The temperature and heating rate were measured by an optical
pyrometer (Calex PyroUSB 2.2, USA). The heating was stopped once
the temperature reached ∼750 °C. The crucible was shaken a couple
of times for better mixing, and then, the solution phase mixture was
quenched into another graphite crucible. The alloy pellet was
collected after being cooled to room temperature. Mg0.9Li0.1 alloy
(218.74 g of Mg and 6.94 g of Li), Mg0.8Li0.2 alloy (213.88 g of Mg
and 15.27 g of Li), and Mg0.3Li0.7 alloy (145.83 g of Mg and 97.17 g of
Li) were prepared though the same process.

Dealloying Reaction. In a typical dealloying process, an alloy
pellet was immersed in 20 mL of anhydrous ethanol. When the alloy
pellet was fully reacted, white precipitate was collected and washed
with ethanol three times and then dried at ambient pressure under an
inert atmosphere. Mg ethoxide-10, Mg ethoxide-20, Mg ethoxide-50,
and Mg ethoxide-70 particles were obtained though dealloying
Mg0.9Li0.1, Mg0.8Li0.2, Mg0.5Li0.5, and Mg0.3Li0.7 alloy with ethanol at
room temperature, respectively.

Mg n-propoxide nanowires (NWs-50) were prepared through
swelling Mg ethoxide (Mg ethoxide-50) in anhydrous n-propanol at
80 °C at an elevated time. Then, Mg n-propoxide nanowires were
separated via centrifugation and dried at ambient pressure under an
inert atmosphere for further use. Mg n-propoxide nanowires obtained
after the same process from Mg ethoxide-10, Mg ethoxide-20, and Mg
ethoxide-70 are marked as NWs-10, NWs-20, and NWs-70,
respectively.

Materials Characterization. Scanning electron microscopy
(SEM) images were obtained using a Hitachi SU8230 SEM
instrument equipped with an Oxford Instruments Aztec Energy
EDX system. Transmission electron microscopy (TEM) images were
recorded on a JEOL TEM 4000EX instrument (JEOL, Japan)
operating at 300 kV. FTIR was conducted with a Thermo Scientific
Nicolet iS50 (USA) with an optical velocity of 0.6329 and a
resolution of 4 cm−1. Powder X-ray measurements were performed by
using an X’Pert PRO Alpha-1 diffraction XRD system with Cu Kα
radiation to identify the crystalline phase of the composite. Nitrogen
sorption−desorption isotherms have been collected using a Tristar
porosimeter (Micromeritics, USA) to determine the surface area and
pore size distribution of the samples. The alloy was polished with
sandpapers to remove surface oxides for XRD measurements. 1H
NMR spectra were acquired on a Bruker Avance III 400 spectrometer
in CD3CN. Solid-state 13C cross-polarization (CP)-MAS NMR
spectra were acquired using a Bruker Avance III-HD 300 MHz
spectrometer. The sample was spun at 10 kHz using a 4 mm zirconia
rotor at room temperature. The contact time for cross-polarization
was set to 3 ms for both samples. A total of 1024 scans were collected
with a delay of 4 and 8 s. The 13C chemical shifts were calibrated with
respect to the adamantane observed at 38.45 ppm.

Structure Simulation. Structure discovery using the evolutionary
algorithm. Crystal structures of Mg(OEt)2 and Mg(OH)(OPr) at
zero temperature and zero pressure were predicted using the
Universal Structure Predictor: Evolutionary Xtallography (USPEX)
code.28−30 In this computational scheme, the molecular crystal
module was adopted, in which the OEt, OH, and OPr compounds are
treated as rigid balls to avoid the internal decompositions. Moreover,
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a population size of 40 structures was used in each generation and the
enthalpy convergences of Mg(OEt)2 and Mg(OH)(OPr) were
reached after seven-generation runs. The enthalpy calculations
involved were performed using the density functional theory
(DFT), as implemented in the VASP package.31,32 The Perdew−
Burke−Ernzerhof (PBE) exchange-correlation (XC) functional33 and
a plane-wave energy cutoff Ecut of 400 eV were adopted. Moreover,
the Brillouin zone was sampled with a high resolution up to 2π × 0.04
Å−1 and the vdW-TS method34 was used to correct the vdW
interactions in DFT calculations. In addition, in order to search the
potential crystal structures of Mg(OEt)2 and Mg(OH)(OPr),
multiple runs with the conventional cell including 2, 4, and 8 formula
units have been performed. The resulting most stable structure of
Mg(OH)(OPr) was further used to compute the vibrational density
of states with the finite difference method implemented in the
PHONOPY code,35 comparing with the experimental IR spectrum.
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