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Abstract

We analyzed the hydroxyl librational signatures of five structurally related aluminum
(oxy)hydroxides, using inelastic neutron scattering (INS) and plane-wave lattice dynamics
simulations. A clear trend across these aluminum-containing phases illustrates the relationship
between hydrogen bonding, local atomic structure, and the spectral location and profile of the
librational bands. The INS spectra have been compared to previous optical spectroscopy and
computational studies, highlighting the complementary nature of the INS technique. Taking into
account other structurally or chemically related material analogs, we have identified a correlation
between a blueshift (to higher energy) of upper librational band edge and the geometry of the
hydrogen bond interactions, mirroring (with opposite correlation) the well-known redshift in the
intramolecular O-H stretching energy with increasing hydrogen bond strength. For hydroxyl
groups that do not participate in hydrogen bonding effectively, the bending librations occur at
lower energies and hybridize with metal-oxygen lattice modes. Standard density functional
theory approximations, including dispersion corrections, struggle to correctly predict vibrational
frequencies of motions dominated by H but perform well for metal-oxygen modes, allowing us
to make detailed mode assignments in several cases, including a demonstration of how layer-to-
layer disorder in boehmite hydrogen bond orientations is reflected in the sharp but minor low

energy peaks (at ~70-80 meV) of the INS spectrum.

1. Introduction

Interest in hydroxyl group motions within oxides crystal lattices dates back to the middle of the
last century.!-> The strength of hydrogen bonds (HB), the relevant proton motions (vibration and
libration), and the degree of mechanical coupling to the low-frequency lattice dynamics
(phonons) influence many aspects of structural stability and behavior,®® such as, (de)hydration,
dissolution, and phase transformations. The study of proton dynamics is of particular interest in
the context of HB networks in 3-dimentional frameworks (e.g., hydrated salts and zeolites) and
2-dimentional materials (e.g., phyllosilicate clays, metal hydroxides, and engineered layered
compounds), because part of the H motions mirror the dynamics of the entire structure, reflecting
the long-range order and many properties of the solids.!”-8 For example, the number, symmetries,
and energies of the phonon modes are related to the material’s dielectric properties and specific

heat.’
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Vibrational spectroscopy by inelastic neutron scattering (INS) is a well-established
technique for probing H atom dynamics over a wide range of energy transfers (~0-500 meV; ~0-
4000 cm'). The incoherent scattering cross-section of H is by far the largest compared to other
elements typically present in a compound and is also far greater than the coherent cross-sections
of both H and all other elements. Thus, the most intense signatures are those associated with the
H dynamics, making INS the ideal technique for studying hydroxyl or molecular water
groups.”-'%!! Furthermore, symmetry-related selection rules do not apply to INS spectra, so all
modes should be observed.”-!? These key features distinguish INS from infrared (IR) or Raman
spectra, where (in the latter cases) optical spectra in a similar energy transfer region (< 150 meV;
<1200 cm!) are dominated by the strong stretching/deformation modes of bonds involving
“heavy” atoms, forming the main structure. In addition, because the intensities of dynamic
modes observed in INS are related to the mean square displacements of the scattering atoms,
they can be directly compared with the calculated vibrational density of states (VDOS) through a
Fourier transform of the velocity autocorrelation functions or diagonalization of the dynamical
matrix. As VDOS calculations are routinely performed using density functional theory (DFT),!2
integration of DFT with all three forms of vibrational spectroscopy (IR, Raman and INS) can
result in unambiguous mode assignments in both transition energies and relative intensities.'3

Here, we show that INS data can be used to observe all the vibrational motions below the
O-H stretching bands in common H bearing minerals. INS spectra are presented for a selection of
structurally related aluminum minerals, including oxyhydroxide AIO(OH) (diaspore and
boehmite), hydroxide Al(OH); (gibbsite and bayerite), and hydroxyl intercalated lithium-
aluminum-layered double hydroxide Li[Al(OH);],-OH-2H,0 (in short, OH-LiAI-LDH). All
consist of close-packed oxygen networks forming octahedral interstices occupied by Al**, and
contain various hydroxyl groups to ensure HB cross-linkages and cohesion of the layered
AlO(OH) or AI(OH); building blocks.!#!8 In the OH-LiAl-LDH structure, the Li* ion is located
in vacant AI(OH); octahedral sites, forming a positively charged Li[Al(OH)s]," layer unit, which
is neutralized by intercalation of OH- ions and water molecules between layers.!® All except OH-
LiAl-LDH, have been extensively characterized by both IR and Raman spectroscopy
(diaspore,!%-2* boehmite,!%-2225-27 gibbsite,!-19-2228.29 and bayerite!®-21283%), Detailed symmetry
group analysis, together with DFT simulations, have also been used to explain, for example, the

spectral structure of the O-H stretches at the Brillouin zone center due to mode coupling or
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anisotropic particle size effects.?3-2>?® The aim of this study is to provide a brief review and more
complete analysis of vibrational dynamics in these phases by means of INS spectroscopy. DFT
calculations were used for mode assignments. Although they work well for this purpose,
comparison of the calculated vibrational spectra with observed INS vibrations confirms that
standard dispersion corrections to the exchange-correlation potential (e.g. Grimme D3) are
insufficient to accurately predict H bending energies.

This study focuses on the low- and middle-energy ranges (~5-200 meV; ~40-1600 cm!),
where liberation and lattice translation involving proton motions occur. Such INS spectra are
complementary to optical spectra, because the intensities of the modes associated with aluminum
(Al) and oxygen (O) in the optical spectra are intense, masking the weaker proton motions. After
analysis of INS spectra using calculated VDOS, we compared the INS to the available IR and
Raman vibrational modes to distinguish, for example, the hydroxyl bending librations from the
deformation of non-hydrogenous Al-O units. Additionally, since H atom librational dynamics are
very sensitive to the local bonding environment, a comparison between these samples and
published INS data on analogous materials permits the establishment of generalized correlations
between the hydroxyl bending modes and the strength/geometry of HB interactions. The
structurally or chemically related phases include: ferric oxyhydroxides FeO(OH) (goethite and
lepidocrocite), phyllosilicate clays (kaolinite, muscovite and phlogopite), various layered metal
hydroxides (theophrastite-Ni(OH),, brucite-Mg(OH),, portlandite-Ca(OH),, and LiOH-II), and
alkaline aluminate salts (K;[Al,O(OH)s], Rb,[Al,O(OH)¢], and Cs[Al(OH) 4]-2H,0).

2. Experimental Methods

2.1 Material descriptions and synthesis

A gem quality diaspore sample was obtained from Pinarcik, Mugla, Turkey.’! A small piese of
this mineral was ground into micro-sized powders for the INS experiment. Boehmite, gibbsite,
and bayerite samples were synthesized via hydrothermal alteration of an amorphous aluminum
hydroxide precursor, following our established method.?-*3 Briefly, the amorphous aluminum
hydroxide precursor was prepared from a 0.25 M aqueous solution of aluminum nitrate
(AI(NOs)3) and the pH was adjusted by addition of concentrated sodium hydroxide (NaOH)
solution. Different pHs are required for each phase synthesis: the precursor for boehmite

synthesis requires a pH of ~ 10, and the precursor for gibbsite and bayerite synthesis requires a
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pH of ~5. The amorphous precursor precipitates were then collected and redispersed in deionized
(DI) water for hydrothermal treatment. For OH-LiAl-LDH synthesis,® the synthesized gibbsite
powders were dried and used as a precursor by redispersing the powders into concentrated
lithium hydroxide (LiOH) solution for a week-long dissolution-reprecipitation reaction. Detailed
descriptions of each phase synthesis can be found in the electronic supplementary information

(ESI).

2.2. Inelastic neutron scattering (INS) measurements

INS spectra were collected on the VISION instrument at the Spallation Neutron Source at the
Oak Ridge National Laboratory. VISION is an inverse geometry time-of-flight neutron
spectrometer, equipped with arrays of pyrolytic graphite analyzer and Be-filters to provide an
improved signal-to-noise ratio and good energy transfer resolution over a broad energy range.>*
Inverse geometry means that the final momentum and energy of the scattered neutrons are fixed
while the momentum and energy of the incident neutrons vary as a function of time. In VISION,
only two fixed trajectories in the momentum and energy transfer Q-E space are tracked by the
two detector banks.** This design means that VISION provides good energy resolution (1-2 %)
and spectral statistics at low- to mid-range energy transfers (< ~200 meV). In the high-energy
region, however, the intensity of the INS spectra is significantly attenuated by the Debye-Waller
factor and is submerged in a multi-phonon contribution due to large neutron momentum
transfers.?> Therefore, the high energy intramolecular O-H stretching modes, for example, appear
as broad/indistinct bands, and usually only their presence or absence is reported. To overcome
the INS resolution limits for high energy vibrational modes, a direct geometry instrument, such
as SEQUOIA, is a better choice. INS data were collected on the five samples mentioned in the
previous section. Approximately 1 g of each powder sample was transferred to a He glove box
and loaded into a 10 mm cylindrical vanadium can. The sample can was mounted inside a
cryostat and cooled to 15 K to collect the spectrum. The generalized vibrational densities of
states G(E) were constructed from the experimental data using MANTID.3¢ Background spectra
measured with no sample present provided scattering data from the sample holder and cryostat.
We utilized the VISION data to characterize vibrations of H-bonded network signatures in the
samples. Complementary neutron diffraction patterns were also extracted to provide a quality

check on the samples (Fig. S1).
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2.3 Simulation and vibrational density of states (VDOS) calculation

We performed frozen phonon lattice dynamics calculations using the Vienna ab initio simulation
package (VASP37) and phonopy?® packages. The PBE exchange correlation approximation®® was
used with and without D3404! dispersion corrections. An energy cutoff of 750 eV was employed
for all calculations, which were done within the projector-augmented wave methodology*? using
standard VASP datasets exposing 3, 6, and 1 valence electrons for Al, O, and H atoms,
respectively. Initial structures were taken from the literature for diaspore,* boehmite,**
gibbsite,* and bayerite.*® K-point grids for relaxations were I'-centered of size 8x3x12, 12x2x9,
4x7x3, and 3x2x3 for diaspore, boehmite, gibbsite, and bayerite, respectively. All lattice and
internal coordinates were relaxed. To calculate the force constants central differences were
constructed by displacing single atoms by 0.01 A in supercells. The supercells (k-grid)
dimensions were 3x1x3 (2x3x4), 3x1x3 (4x2x3), 1x2x2 (3x2x3), and 2x1x2 (3x2x3) for

diaspore, boehmite, gibbsite, and bayerite, respectively.

3. Results and Discussions

3.1 General description of hydroxyl librations and translations

When a hydroxyl group is bound to a metal ion in a coordination complex, two types of hydroxyl
librations can be observed by INS in the energy range of this study: the Al-O-H bending and
riding motions. The Al-O-H bending mode considers the relative rotational oscillations of the H
atom with respect to its covalently bonded O atom, i.e., motions of the H atom perpendicular to
the covalent O-H bond axis (bending movement is also called wagging movement). This
movement incorporates a great H displacement and is primarily responsible for features in the
librational fingerprint region. The bending movements should not, however, be confused with
the fundamental O-H bond stretching modes, which occur at higher energy (above ~300 meV;
~2400 cm™). In isolation, the H atom in a linear (O-H---O) motif will exhibit a single stretching
and doubly degenerate bending vibrations. In a hydrogen-bonded crystalline material, additional
dispersion is introduced by the crystal field at the H site, which can split the double degeneracy
of the isolated bends and couple vibrations at different H sites. Consequently, band structure
effects generate different vibrational energies for relative phases of motions at adjacent sites

described by different wavevectors in the Brillouin zone of the crystal. For example, if the (O-
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H:--O) lies in a crystal symmetry plane (as in diaspore and boehmite), the bending movements
can be decomposed into the in-plane and the out-of-plane branches with the degree of dispersion
depending on whether the motions bring two nearby H atoms close to each other or not.?>-?5 This
results in the usual order of the stiffer in-plane mode having higher energies than the out-of-
plane modes.* These band structure effects are observable by INS, which is not limited to
optically active modes at the zone center.

The riding mode is a whole-body (rigid) hydroxyl group movement modulated by, e.g.,
Al-O bond stretching, AlO4 octahedra deformation, or by wobbling of the octahedra layered
units. These movements cause a smaller H displacement, and, owing to the larger mass of Al and
O compared to H, occur at lower energies. We show that these motions can be observed by INS
in some cases. The riding mode can be viewed as characteristic of hydroxyl groups tightly bound
to a metal center, and appears in a relatively wide energy range due to the strong dispersion of
various octahedral deformation modes. In the context of molecular crystals, where many
vibrations can be correlated with internal vibrational modes of a gas phase molecule, the term
translational mode is used to describe rigid (i.e. riding) external translations of the molecule
within the crystal. This term is, however, more commonly used to generically describe a cluster
of overlapping low-intensity INS peaks extending from the elastic line (at zero energy transfer)
to about 50 meV (400 cm™'), due to sublattice oscillations and collective motions in hydrogen-
bonded crystals.

As noted above, the signal observed by VISION in the O-H stretching region is strongly
suppressed by the Debye-Waller effect and a large background of overtones and combinations.
Thus, the INS spectra from this instrument do not have well resolved peaks in the high energy
region, where O-H stretching vibrations should be detected. Thus, these are only mentioned
briefly for each mineral. Nevertheless, using theoretical lattice dynamics, we show that the
stretching and bending frequencies are strongly correlated and that inferences about the stretches
can be drawn from the liberational band shape, which is well resolved by VISION.

Figure 1 shows the INS spectra of the five measured mineral samples in the librational
and translational fingerprint region. The spectra are arranged in order of structural complexity,
corresponding to the spectral positions of the stiffest librational bands. Comparing diaspore and
OH-LiAl-LDH, which can be regarded as end-members, diaspore has a relatively “simple
fingerprint” as it only contains one type of hydroxyl group located in the AlO¢-strip tunnel
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spaces. In contrast, the “complex fingerprint” of OH-LiAI-LDH arises from the coexistence of
multiple HB configurations, introduced by intercalated hydroxide (OH-) and water (H,0)
species, which form HBs with each other and with the layer hydroxyl groups. Boehmite also
possesses a single H site, but its librational band profile is wider and more complicated due to

stronger coupling between the motion of neighboring H atoms.

wavenumber [1/cm]

400 BOO 1200 1600
Diaspora Boahmita
Ao = Gibbsite = Bayaerita
~ OH-LiAl-LDH

intensity [arb. unit]

&0 100 150 200

anargy transfar [ma\]

Figure 1. INS spectra of diaspore, boehmite, gibbsite, bayerite and OH-LiAL-LDH, arranged in order of
increasing structural complexity (from bottom to top) and in order of shifting the overall librational bands
from the high-to-low energy transfers. The energy units are in both meV and cm™!, where 1 meV = 8.065
cm-'. The lowest peak observed at 12 meV is an artifact of the VISION spectrometer and is presented in
all five studied samples; see the ESI text for details.

3.2 Diaspore

The structure of diaspore (a-AIO(OH)) is based upon a hexagonal-close-packed array of
oxygens. The AlO¢ octahedra are linked via edge-sharing to form strips in the z direction.!# The
AlOg-strip packing creates tunnel spaces containing HBs, and, strictly speaking, diaspore is a
non-layered material (Fig. S2a), despite its perfect cleavage. The structure contains four
symmetry-equivalent AIO(OH) units per unit cell. As shown in Figure 2a, the four irreducible
atoms (Al, O, and OH group) lie on the mirror plane (the xy plane). Each O atom is tetrahedrally
coordinated by three Al atoms and the fourth is coordinated to a H atom, either covalently (as a

us-OH group; HB doner) or hydrogen bonded (as a p3-O atom; HB acceptor). The geometric
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definition of Luzar and Chandler*’ was used to categorize the HB configurations. Descriptions
on the length and angle relationships are given in Table 1. Factor group analysis and detailed
mode assignments have been performed for the IR and Raman spectra of diaspore.?*>** Figure 2b,
which compares the INS spectrum with the experimentally observed IR and Raman transitions,'*-
24 shows that the INS data are consistent with the expected IR- and Raman-active bands in the
fingerprint region. In the 110-150 meV region, the 145 meV in-plane (movement in the xy plane)
and the 126 meV out-of-plane (movement normal to the xy plane) Al-O-H bending modes
generate strong, narrow INS bands that are well-separated from the lattice deformation modes
appearing under 110 meV. The Al-O-H bending band is about 40 meV wide, indicating some
coupling among the four hydroxyl groups in the unit cell. The Al-O-H bending modes have low
intensity spectral signatures in powder IR or Raman spectra.'®2* The light blue tick marks in
Figure 2b represent polarized single-crystal Raman measurements obtained using a gem quality
diaspore sample with better resolved Raman bands.?* In the 15-110 meV region, a series of
hydroxyl riding/translational modes was observed. Their low intensities confirm that these
modes are associated with various lattice deformations (distortions or relative displacements of
AlQOg octahedra), in accord with our theoretical predictions (Fig. S4).

Two different mode assignments have been proposed for the IR band at ~120 meV based
on the frequency similarity between experiments and simulations: (i) a pure Al-O-H bending
mode; or (ii) an overtone band involving AlO4 subunits.?>?* Since there is a clear gap in the INS
spectrum at about 110 meV, where the scattered energy drops to the background level (Fig. 2b),
the reported IR peak at ~120 meV, which lies in the bending mode region, should be interpreted
as a bending movement. From its position near the bottom of the 126 meV INS peak, and
comparison to phonon band structure calculations, we conclude that it should belong to the B,
irreducible representation of diaspore’s Dy, point group symmetry. This unambiguous
assignment illustrates the value of measuring the full vibrational spectrum using INS, compared
to just the zone center vibrations accessible to optical spectroscopy.

Other features of the INS spectrum, e.g., the two broad bands in the 150-340 meV region
(Fig. 2b), are not discussed because these bands, which are absent in the normal mode analysis,
correspond to combinations of hydroxyl bending and riding modes (centered at ~180 meV), or
overtones of hydroxyl bending modes (centered at ~260 meV). In addition, the poorly defined
signals at ~378 meV (Fig. S3a) are the O-H stretching modes. In the experimental IR or Raman
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spectra,'®24 the broad continuum of states related to the O-H stretching modes in diaspore is
ascribed to: (i) strong anharmonic mode-mode coupling due to medium-strength HBs; and (ii)

coupling with the hydroxyl bending overtones.

{h} wavanumiper [1/cm] wavenumber [1/cm]
200 400 00 oo 500 1000 1500 2000 2500
VT om0 S menn 0 Diaspore: |1
I mieini go+ | LWL | — INS
gl T || Raman |
= 25} o | IR
=
§ 51 4 [P T20%
.1":':" | 15..
E [126+145)
E oy {126~2) | sz T
, | £
5 X 4
[ e e R B e B L B i

20 40 &0 80D 100 50 100 150 200 250 300 350

anargy transfer [mayv] anargy transfar [meaV]

Figure 2. (a) Local hydrogen bond (HB) environment in diaspore. Al, O and H atoms are represented in
blue, red and white spheres, respectively. Fourfold coordination for the p;-OH group and p;-O atom is
emphasized; see Figure S2a for a complete diaspore structure.'* (b) INS spectrum of diaspore and its
comparison to the experimental Raman and IR data from the literature.!*->* For simplicity, tick marks are
used to label transitions observed by optical spectroscopy (only strong-medium intensity [R/Raman bands
are marked). The number labels indicate the energy transfers of the most relevant features in meV. The 12
meV peak is an artifact of the VISION spectrometer.

3.3 Boehmite

The arrangement of oxygens in boehmite (y-AlO(OH)) follows a cubic-close-packing sequence,
which defines the double sheets of edge-sharing AlOg in the xz plane (Fig. S2b).!> Two
inequivalent O atoms are present: one is tetrahedrally coordinated by four Al atoms (as a p4-O
atom) and does not involve any HBs; the other is coordinated by two Al and one H atoms,
forming a terminal p,-OH group on the octahedral double sheets (Fig. S2b). Theses octahedral
double sheets with p,-OH groups on each side form a layer structure, which is held together
along the y direction by interlayer HB cross-linkages (Fig. 3a). The p,-OH groups are thus both
HB donors and acceptors, and create a chain-like pattern (---O-H---O-H:--O-H:*) in the yz plane
of the crystal (Fig. 3a). Diffraction**#8-31 and theoretical?>*3-52-34 studies have shown that various
H orientations chains can be present along the HB chain (see the ESI text for more discussion).
These affect the energy of the equilibrium structure and generate its instability relative to its

polymorph, diaspore.>>
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At the local scale, when a HB is established (Table 1), the unique nature of the AI-O-H
bending modes can be observed directly by INS in the librational region (Fig. 3b). In Figure 3b,
the Al-O-H bending modes are spread over a large range from 90 to 155 meV, and several well
resolved bands are present at 92, 124, 132 and 143 meV. The intensity of these bands contrast
with those in the IR or Raman spectra at similar energies, where hydroxyl bending modes are
either forbidden or only show weak/broad intensities (especially in Raman).!9-22:25-27 By
comparison, the most intense features of the IR and Raman spectra are in the lower energy range
of 20-90 meV (Fig. 3b), which corresponds to the various lattice octahedron modes, e.g., AlOq
shearing deformation (the low energy portion of 20-90 meV) and Al-O stretching modes (the
high energy portion of 20-90 meV).?> The 20-90 meV region of the INS spectrum reveals the
relative layer motions caused by interlayer HB interactions, reflecting hydroxyl
riding/translational modes, and is generally consistent with the reported IR and Raman bands
(Fig. 3b). Note that both IR and Raman spectra of boehmite are characterized by a few very
strong absorption bands at 20-90 meV, which are typically used for phase identification, while
the corresponding INS spectrum is more complex (see Fig. S4 for a direct comparison with the
theoretical spectrum).

According to factor group analysis,?>?® strong INS peaks observed at 92 and 143 meV
both correspond to the in-plane Al-O-H bending mode (movement in the yz plane), but the mode
is split into in-phase (92 meV) and out-of-phase (143 meV) combinations. The higher transition
energy for the out-of-phase mode is caused by the nearby H atoms (along the HB chain) moving
in antiphase fashion so that the H---H distance at one extreme of the motion is much shorter than
at equilibrium. A similar logic can be used to explain the split of the out-of-plane Al-O-H
bending mode (movement normal to the yz plane) into out-of-phase (124 meV) and in-phase
(132 meV) combinations, depending on whether or not the motion brings H atoms from adjacent
units (in the x direction) close to each other. As noted by Noel et al.,? the effects of splitting on
the out-of-plane bending mode are much smaller than on the in-plane bending mode. The 92
meV mode is related to the minimum energy configurations for proton hopping, i.e., hopping as
in-phase/in-plane travelling waves along the HB chain. Proton mobility and hopping mechanisms
in boehmite are beyond the scope of this work and are discussed in details by Pan et al.>° and

Jiang et al>’
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Figure 3. (a) Local hydrogen bond (HB) cross-linkages in between boehmite’s layers. Al, O and H atoms
are represented in blue, red and white spheres, respectively. Only the p,-OH group is shown; see Figure
S2b for a complete boehmite structure.'> (b) INS spectrum of boehmite (same spectrum as shown in our
recent work>®) and its comparison to the experimental Raman and IR data from the literature.'®-2>23-?7 For
simplicity, tick marks are used to label transitions observed by optical spectroscopy. The number labels
indicate the energy transfers of the most relevant features in meV. The 12 meV peak is an artifact of the
VISION spectrometer.

Table 1 Geometry of the O-H:--O hydrogen bonds (HBs) in various Al3*-containing materials.
According to the geometric definition,*” a HB exists when the interoxygen distance (O---O) is
less than 3.5 A, and simultaneously, the angle between the O-H axis and the interoxygen axis
(8H-O---0) is smaller than 30°. A zero angle of ZH-O---O represents a linear HB geometry.

Phase H---0 (A) 0---0 (A) ZH-O0---0 (°) HB strength”
Diaspore (Pbnm; no. 62)'4
network O2-H---O1 1.692 2.651 11.88 moderate
Boehmite (Cmc2; no. 36)1°
interlayer O2-H---02 1.814 2.733 8.40 moderate
Gibbsite (P2,/n; no. 14)!¢
interlayer O1-H1---O4 1.849 2.825 9.36 moderate
interlayer O2-H2---O6 1.816 2.792 5.63 moderate
interlayer O3-H3---O5 1.930 2.899 9.91 moderate
intralayer O4-H4---O3 2.033 2.971 13.62 moderate
intralayer O5-H5---O1 2.237 3.058 28.20 weak
intralayer O6-H6---O3 2.212 3.109 19.91 weak
Bayerite (P2,/n; no. 14)"7
interlayer O1-H1---O4 1.927 2.890 1.83 moderate
interlayer O2-H2---06 2.005 2.996 11.99 moderate
interlayer O3-H3---O5 2.028 2.965 6.86 moderate
intralayer O4-H4---O2 2.106 3.028 18.48 moderate

intralayer O5-H5---O1 2.276 3.043 29.75 weak
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intralayer O6-H6---O2 2.433 3.219 30.18 weak

*The strong, moderate and weak definitions of the HBs are based on descriptions by Jeffrey.’® The
graph representation of HB length, enthalpy and the redshift of the O-H stretching energy is illustrated
by Wang et al.!!

The weak/broad peak centered around 108 meV (Fig. 3b) does not exist in factor group
analysis,?>?® as it is far from any calculated transition energies at the zone center and from peaks
arising from critical points elsewhere in the Brillouin zone. This peak likely corresponds to
overtones or can be attributed to bending librations of surface hydroxyl groups (i.e., the u,-OH
groups located at the boehmite surface). Surface hydroxyl species are present in as-synthesized
boehmite, and they can interact with surface-adsorbed water molecules.?®?” The presence of
surface hydroxyl + water species can also be identified in the O-H stretching region using IR or
Raman, because they give rise extra broad bands in addition to the bulk structural O-H stretches
centered at about 382 and 406 meV.?” In general, the separation of four major structural Al-O-H
bending modes and the potential presence of surface hydroxyl deformation modes determine the
width/shape of the Al-O-H bending bands in the range 90-155 meV (Fig. 3b).

Other features in the INS spectrum, such as a series of weak and broad bands between170
and 350 meV, correspond to overtones processes. For example, the two broad bands centered at
224 and 258 meV (Fig. 3b) are assigned to combinations of the hydroxyl bending modes (where
129 meV is the center of mass of the two out-of-plane bending modes). The weak intensities at
about 200 meV could be associated with the intramolecular H-O-H bending of surface-adsorbed
water molecules. Many IR spectra of natural or synthetic boehmites do show H-O-H bending
signatures,?!-2223-27 together with a broadening of the O-H stretching region in the range 370-420

meV (Fig. S3b).

3.4 Gibbsite and bayerite

Gibbsite (a-Al(OH);) and bayerite (B-Al(OH);) share the same layered building block consisting
of edge-sharing Al(OH); octahedra forming an AI(OH); dioctahedral layer.!%!7 The dioctahedral
layers lie in the xy plane and are stacked along the z axis in the sequence of ABBA (in gibbsite;
Fig. S2¢) or ABAB (in bayerite; Fig. S2d), where A and B stand for the hexagonally packed
hydroxyl groups positioned differently on each side of the layer. There are six non-equivalent

hydroxyl groups in their structures (Figs. 4a and 4b). Each is coordinated to two Al atoms (as a
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K2-OH group) and is involved in HBs in two distinct ways: the interlayer and intralayer HBs
(Figs. 4a and 4b; Table 1). The interlayer hydroxyl groups (OH1, OH2, OH3) are oriented along
the z axis (Figs. 4a and 4b), and are responsible for HB cross-linkages between adjacent layers.
The intralayer hydroxyl groups (OH4, OHS, OH6) lie approximatively in the xy plane, and point
towards cavities in the dioctahedral layer (Figs. 4a and 4b). The HB geometries of these six
hydroxyl groups are listed in Table 1. Thus, gibbsite and bayerite differ from each other by the
intralayer HB orientations and the interlayer shift vectors which, together, lead to variations in
the HB strength and geometry. O atoms (04, OS5, 06) of the intralayer hydroxyl groups are
acceptors of the interlayer HBs and vice versa. The intralayer hydroxyls participate in weaker
HBs than the interlayer hydroxyls (Table 1) and, thus, the O-H stretching associated with the
intralayer hydroxyls is at higher energy, whereas the interlayer hydroxyl groups generate the
lower energy portion of the stretching bands.!'%-3°

The similarity of the HB environments in these two polymorphs leads to similar INS
spectra in the librational region (Figs. 4c and 4d), with the spectrum for bayerite shifted towards
lower energy due to an overall weaker HB network. The presence of multiple HB environments
and their coupled motions, however, results in complicated hydroxyl librational bands (Figs. 4c
and 4d). Based on the intensity variations shown in Figure 4, both spectra can be roughly divided
into two main regions: the hydroxyl bending region (82-145 meV), and the hydroxyl
riding/translational region (15-82 meV; caused by AlO4 octahedra modes). There is no gap
between these regions and, in the overlapping region (about 82-100 meV), modes likely involve
both Al-O-H bending and Al-O stretching motions. These observed features are in agreement
with the experimental IR and Raman data,!6:19-22.28-30 a5 well as with theoretical calculations (Fig.
S4).

In the hydroxyl bending region (82-145 meV), the Raman spectrum for gibbsite 202829 is
characterized by four broad/weak bands at about 88, 101, 111 and 126 meV, and the IR
spectrum?!-22:28.29 shows two well-defined bands at 120 and 126 meV, with a broad shoulder at
90-107 meV (Fig. 4c). The Raman spectrum for bayerite?>-*® show two broad bands centered at
112 and 132 meV, and the IR spectrum?!-?® also shows two very broad bands at 121-128 meV
and 89-110 meV (Fig. 4d). Thus, reliable identification and consistent interpretation of the Al-O-
H bending motions in gibbsite and bayerite is challenging. The low structural symmetry in

gibbsite and bayerite also makes normal mode analysis difficult, and the INS spectra reflect
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highly mixed vibrational modes that involve all the atoms in the basic structural units. In
addition, the large number of degrees of freedom leads to vibrations of different character
overlapping in energy so that a given energy transfer in INS cannot be associated with a unique
vibrational motion. Nonetheless, comparison with the calculated VDOS and the associated

dynamical matrix eigenvectors allows mode assignments for the most relevant features observed

by INS.
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Figure 4. Local hydrogen bond (dotted lines) environments in gibbsite (a) and bayerite (b). Al, O and H
atoms are represented in blue, red and white spheres, respectively. In both structures, hydroxyl groups are
all in the p,-OH coordination; see Figures S2¢ and S2d for complete structure illustration.'®!” INS spectra
of gibbsite (c) and bayerite (d), and comparison to experimental Raman and IR data from the
literature.!619-2228-30 For simplicity, tick marks are used to label transitions observed by optical
spectroscopy (details are described in the text). The number labels indicate the energy transfers of the
most relevant features in meV. See Figures S3c and S3d, for higher energy transfer region. The 12 meV
peak is an artifact of the VISION spectrometer.
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For gibbsite (Fig. 4c), the highest-energy bands at 136 and 133 meV are from excitations
of H2 and H1 atoms, respectively, vibrating tangentially to the hexameric ring of the Al
octahedra. These interlayer hydroxyls participate in the shortest HBs in the gibbsite structure
(Table 1). The peak at 121 meV mainly reflects the movements of H1, H3 and H4, and the
features at 99 and 104 meV are contributed by a combination of H5 and H6. Thus, the locations
of the main spectral contributions of these high-energy hydroxyl bending modes show a
consistent dependence on the distance (strength) of HBs involved (Table 1). The shoulder at 91
meV is formed by the synchronous motions of interlayer hydroxyl hydrogen H1 and intralayer
hydroxyl hydrogen H4, which form a HB donor-acceptor pair and rock in such a way that the
(8H1---04-H4) angle changes little. The broad, complex band between 47-85 meV is the riding
modes associated with internal distortions of the AlOg octahedra. The stiffest end of this band
(above 70 meV) is mainly generated by coupling of intralayer hydroxyl bending (OH4, OHS,
OHO6) to Al-O stretches.

The nature of the modes at lower-transition energies has also been revealed by other
theoretical approaches involving: (i) D isotopic substitution; and (i) infinite AIOs mass
substitution.?® When H atoms are replaced by D, computed normal modes involving D(H) are
shifted to the lower energy transfer region. With the infinite AlOs mass substitution method,
modes to which Al and O contribute significantly shift to much lower energies, while nearly pure
H modes only shift moderately. Using this approach, theoretical analyses?® of the vibrational
contributions suggest that: (i) modes in the 40-80 meV region mainly correspond to stretching of
Al-O octahedral bonds (where O atoms show the largest participation); and (ii) below about 40
meV, Al atoms show the largest contributions corresponding to bending/rotational deformation
of AlOg¢ subunits, and shifting or separation of the layers with respective to each other. This is
consistent with our theoretical calculations, in which modes in the 30-40 meV region involve
riding of protons on the collective motions of octahedral sheets with neighboring octahedra rock

relative to one another. Below 30 meV, the modes correspond to whole-sheet collective motions.

3.5 Hydroxyl intercalated lithium-aluminum-layered double hydroxide (OH-LiAl-LDH)
In OH-LiAI-LDH, Li" occupies the vacant sites of the AI(OH); dioctahedral layer. Thus, the
layer’s p,-OH groups favor outward-pointing orientations approximately along the z axis. Such

u2-OH groups could then establish HBs with intercalated OH- and H,O species. The structural
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positions of these intercalated OH/H,O species are, however, not fully determined. They are
likely disordered, yielding a multiplicity of HB configurations. This configurational disorder
would account for the breadth of the librational band (Fig. 5).

The principal feature of the OH-LiAl-LDH INS spectrum is the presence of a low-energy
librational band edge (LE) at around 45 meV (Fig. 5). Below 45 meV, the translational region
consists of four broad peaks (Fig. 5). Between 45 meV and150 meV, the librational band
displays two components: (i) a very broad intensity component similar to that in vitrified
aqueous solutions or amorphous systems due to the temporally and spatially disordered HBs; and
(i1) four broad peaks at around 72, 92, 101 and 126 meV (Fig. 5), which may be due to the Al-O-
H bending or to bending of intercalated OH-/H,O species. INS investigations on a related
material, chlorine intercalated LiAl-LDH (Li[Al(OH);],-Cl-4H,0) showed a similar librational
edge and band width from 45 to 150 meV.%° Attempts to assign the observed broad librational
bands using ordered interlayer CI/H,O arrangements suggested that water molecular librations
(rotational oscillations) dominate in the lower energy transfer region (roughly 50-100 meV),
whereas O-H bending deformations (in either water molecules or the p,-OH groups) dominate at
higher energies.%° Presumably, a similar mode assignment can be applied for OH-LiAl-LDH.
The noticeable hump at about 200 meV is from the intramolecular H-O-H bending of the
intercalated water molecules with librational band overtones underneath.
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Figure 5. INS spectrum of OH-LiAl-LDH sample. The number labels indicate the energy transfers of the
most relevant features in meV. LE = librational edge (details in the text). See Figure S3e, for higher
energy transfer region. The 12 meV peak is an artifact of the VISION spectrometer.

3.6 Bending librations of hydroxyl groups in structurally or chemically analogous materials
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Analysis of published INS spectra of analogous materials can be used to establish correlations
between hydroxyl bending energies and the strength and geometry of HB interactions. Figure 6
shows the observed hydroxyl bending peaks plotted against the mean HB distance of each
material structure. For example, in diaspore, the two hydroxyl bending peaks centered at 126 and
145 meV (Fig. 2b) are correlated to a HB distance of 1.692 A (Table 1). In boehmite, the four
hydroxyl bending peaks at 92, 124, 132 and 143 meV (Fig. 3b) are correlated to a HB distance of
1.814 A (Table 1). In gibbsite and bayerite, the relevant hydroxyl bending peaks (labelled in
Figs. 4c and 4d) are related to the mean HB distance of 2.013 A in gibbsite and 2.129 A in
bayerite (Table 1; average of all 6 HBs in each mineral case). We performed the same analysis
on goethite a-FeO(OH)®!-63 (isostructural to diaspore), lepidocrocite y-FeO(OH)!>-61.64
(isostructural to boehmite), kaolinite®>-%¢ (has a dioctahedral alumina layer as in
gibbsite/bayerite), and three alkaline aluminate salts®’ (K,[Al,O(OH)s], Rb,[Al,O(OH)g], and
Cs[AI(OH) 4]-2H,0). Figure 6 (right-hand side) shows the structural hydroxyl groups
participating in HB with the neighboring O atom (in accordance with the HB geometric
definition*”). Despite band dispersion, splitting, and coupling effects, which produce complicated
band shapes, the majority of the upper librational band edges for these materials fall on a straight
line (bold-black solid line in Fig. 6) and display the expected blueshift to the higher energy with
decreasing HB distances (i.e., increasing HB strengths). The mean HB distance in OH-LiAl-
LDH is unknown (because of the undetermined structure), and thus, the distance (~2.2 A; Fig. 6)
was estimated from a linear correlation based on its highest-energy bending peak position at
~126 meV (Fig. 5).

A clear linear correlation was not, however, observed for structural hydroxyl groups with
no appreciable HB formation (Fig. 6; left-hand side with HB distances > 2.3 A), in which
multiple neighboring O atoms around each hydroxyl group (i.e., multi-furcated interactions)
eliminate the close approach and geometry needed for HB formation. A typical example of such
steric hindrance is the confined intralayer hydroxyl group in kaolinite’s 1:1 layer, where the O-H
vector is oriented toward the vacant site in the octahedral net and is not involved in any effective
HB formation (Fig. 6; the mean HB distance is about 2.871 A%). Muscovite and phlogopite
possess similar intralayer hydroxyl groups that form no effective HBs within their 2:1 layer units
(Fig. 6; black circles on the left-hand side).%%72 Similarly, two out of the six aluminate-OH

ligands in potassium and rubidium aluminate salts (K,[Al,O(OH)s] and Rb,[Al,O(OH)e], do not
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participate in HB interactions, and their corresponding Al-O-H bending modes are located at
lower energies (Fig. 6; brown triangles on the left-hand side),%” reflecting the weakening of the
restoring forces. In addition, some layered metal hydroxides (e.g., theophrastite-Ni(OH),,°
brucite-Mg(OH),,!%-73.7* portlandite-Ca(OH),,’>75 and LiOH-II"3-76-77) have their hydroxyl groups
pointing towards the interlayer space but do not form effective HBs crossing the interlayer. Four
of these plotted in Figure 6 (blue diamonds on the left-hand side) show a further deviation from
the linear correlation extending from the short HB distance region. In general, hydroxyl bending
librations occur at lower-energy for structural hydroxyl groups with no appreciable HB
interactions, and couple easily with metal-oxygen (M-O) lattice modes, making them less
suitable for correlations studies. Their exact libration energies likely depend on the covalency of

the M-O bonds and on the external electric fields exerted on the hydroxyl groups.
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Figure 6. Relation between hydroxyl bending modes and the mean (O-H---O) HB distance for the
selected analogous materials, showing upshifting (blueshift) in upper librational band edge with respect to
the mean HB distances. The bold-black solid line and its extension (dashed line) to the long HB distances
highlight the observed linear correlation. The circle, triangle, and diamond symbols mark the peak center
position (in meV or cm'), and the shaded bars describe the +/— peak width at half maximum. Symbol
colors are used for clarity only, and do not tie to specific material cases. Mineral abbreviations are:
diaspore (Dsp), boehmite (Bhm), gibbsite (Gbs), bayerite (Byr), lepidocrocite (Lpc), goethite (Gth),
kaolinite (Kao), muscovite (Ms), phlogopite (Phl), theophrastite (Tph), brucite (Brc), and portlandite
(Por). Other abbreviations are: OH-LiAl-LDH for hydroxyl intercalated lithium-aluminum-layered double
hydroxide, K-Al for K,[ALLO(OH)s] (K-Al), Rb-Al for Rb,[Al,O(OH)e], and Cs-Al for Cs[Al(OH)

4] 2H20
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3.7 Correlation between O-H stretching and upper liberational band edge energy
Where protons participate in HBs, we can relate the position of the upper librational band edge to
the O-H stretching energy (frequency) and HB strength,’®7° as the energy of the O-H stretching
of a given covalent O-H bond is anticorrelated with the energy of the bending libration of the
same bond. The VDOS from our phonon calculations projected onto each crystallographically
distinct H site (Fig. 7; using diaspore, boehmite, gibbsite and bayerite as examples),
demonstrates this relationship. In Figure 7, each line is colored according to the (O-H---O) HB
distance (blue for the shortest and red for the longest). The qualitative trends are explained by a
simple picture in which the vibrational motion of an H atom is determined by its HB
environment. In the stretching region, long HB distances (red curves) in gibbsite and bayerite
have the stiffest stretching vibrations and the most electron density residing in the covalent O-H
bond being stretched. The short HB distances (blue curves for diaspore and boehmite) have the
lower stretching energies. As all the O-H stretches occur above 350 meV (Fig. 7) there are no
other vibrations to mix with, making classification unambiguous. In the direction perpendicular
to the (O-H:--O) line, the restoring force for H displacement is set by the cost of disturbing the
HB by increasing the (#H-O---O) angle. Stronger HB interactions, therefore, have higher
bending energy, and the strongest HB in a material should set the upper librational band edge in
the INS spectra. This explains the correlation in Figure 6. For weaker HB interactions, the
restoring force for transverse H displacement is small enough that the bending librations fall in
the spectral range of bond stretches involving heavier atoms (e.g., AlO¢ octahedra). In this case
hydroxyl bending motions are mixed with framework deformations, and mode classification
becomes ambiguous. For example, the VDOS projected onto an H atom associated with
intralayer hydroxyl groups in gibbsite and bayerite is distributed over a large frequency range
from the lower librational bands (~90 meV in these materials) down to ~20 meV (Fig. 7).
Correlation between O-H stretching and hydroxyl bending energy was demonstrated by
Novak? who showed a linear increase of bending energy with decreasing O-H stretching energy
for the (O-H---O) interaction in carboxylic acids and their acid salts. In the compound system
Novak? investigated, the lower-energy out-of-plane bending mode was correlated to the O-H
stretching, as the higher-energy in-plane bending mode contains vibrational coupling, making it
less suitable for correlation studies. For the materials showed in Figure 6, the upper liberational

band edge energy is correlated to the distance (strength) of their HBs, as it is less likely to couple
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with the low-energy lattice modes. Hence, when either the stretching or bending energy (or a
combination of both) is used to estimate HB distance in the corresponding hydroxyl group,

vibrational coupling or mixing effects need to be considered.
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Figure 7. Relation between the intramolecular O-H stretching and upper liberational band edge energies,
showing the H-VDOS calculations for diaspore, boehmite, gibbsite and bayerite examples. Dotted and
solid lines represent HBs that do and do not connect separate layers, respectively.

3.8 Spectroscopic insights into the interlayer HB orientation in boehmite

In the last section, we focused on boehmite’s interlayer HB structure for two reasons: (i) it
represents a prototypical layered material with (exclusively) interlayer HB cross-linkages, and
(i1) unlike gibbsite/bayerite, its hydroxyl bending librations (lowest at 92 meV) do not extend
into the Al-O lattice mode region. This separation allows an opportunity to demonstrate the
sensitivity of INS for the characterization of HB orientation and the nature of layer stacking.
Recall that modes in the 20-90 meV region in boehmite arise from participation of H in the
lattice dynamics (known as hydroxyl riding modes). When combined with theory, detailed mode
assignments of the array of characteristic peaks can be performed (Fig. 8).

Figure 8a shows two possible symmetries corresponding to protons in the top layer lying
in the same (Pnma) or opposite (Cmc2;) direction as those on the bottom layer, with respect to
the z axis. These two choices (both Cmcm subgroups) produce HB orientations originally
described in the Cmcm structure (with partial H occupancies; see the ESI text for the Cmcem
space group descriptions), and result in H-projected VDOS patterns compatible with the

experimental INS spectrum (Fig. 8b, peaks numbered for reference). Peak 1 is associated with
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relative lateral motions of two adjacent AIO(OH) layers in opposite directions. If adjacent layers
were stacked in registry instead of offset in a checkerboard pattern, the unit cell would be halved
along the y axis, and these modes would show a peak (peak 1) corresponding to the critical point
at (0, 2, 0) in reciprocal space. In the two-layer unit-cell setting (Fig 8a), they appear as bands
folded back to the I point. Peaks 2-11 arise from the internal motions of the octahedral sheets.
There is a clear correspondence between the calculated H-VDOS and observed INS peaks, with
agreement within 2 meV in the peak positions and clear similarities in peak shapes (Fig. 8b). The
calculated low-energy lattice modes (indirectly probed by INS as hydroxyl riding) contrast with
the hydroxyl bending and intramolecular O-H stretching at higher energy, the latter of which
have the correct peak shape, but peak positions are displaced by about 10-30 meV in the
simulations. This discrepancy, which is in opposite directions for the bending and stretching
modes (i.e., simulations typically underestimate the bending peak position and overestimate the
stretching modes®’), is not reduced by neglecting the dispersion (D3) corrections, and is
consistent with similar behavior observed in our study of alkali aluminate salts.%”

We also checked the effects of using a hybrid functional (in this case PBE0®!) in smaller
boehmite test calculations done with ‘loose’ parameters. Namely, we set the energy cutoff to 400
eV, reduced the k-grid to 2x2x4, and computed the force constants in the primitive boehmite unit
cell. We performed relaxations and lattice dynamics simulations in this more tractable, but
numerically unconverged setting using the PBE-D3 approximation and PBE0-D3. Note that the
PBE-D3 was used for all other calculations in this work. The PBE0-D3 calculations show
weaker HBs evident in: (i) a lattice parameter normal the layers increased by 0.43 A, (ii) a
librational band that is redshifted ~7 meV, and (iii) O-H stretching bands are blueshifted by ~60
meV, relative to the PBE-D3 calculation done at the same settings. The region below ~90 meV
was nearly identical between the PBEO-D3 and PBE-D3 calculations. Hence, we conclude that
PBEO-D3 (or plain PBEO) would likely remove some of the systematic error observed in the
locations of the librational bands in the simulations reported here, but our extrapolations predict
that the upper librational band edge would still be overestimated by ~10 meV. Unfortunately,
hybrid calculations using converged supercells and basis sets were not feasible using the
methods of this work. This points to the need for a systematic study of the exchange-correlation

dependence of simulated INS using DFT.
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Figure 8. (a) Two possible HB orientations in the crystal structure of boehmite. The unit cell of both
lower symmetry structures (Cmc2, and Pnma) follows effectively the original Cmcm description. (b)
Comparison between the observed INS (blue) and calculated H-projected VDOS patterns using the Cmc2,
(dotted black) and Pnma (solid black) settings. Peak 0 (at 12 meV) is an artifact of the VISION
spectrometer.

Peaks 10 and 11 are both strong (Fig. 8b). Peak 10 is identified in the simulation with the
Pnma setting, but peak 11 is absent. The reverse situation holds for the Cmc2; simulation. In
both symmetry settings, these two peaks reflect motions in which Al-O-H groups move along the
z axis in the common plane containing (O-H---O) HB motifs. The different couplings, through
the AIO(OH) octahedral layers, and between the orientations of the hydroxyls on opposite sides
of the layers are reflected in the different energies. The occurrence of both peaks in the INS
spectrum suggests the synthetic boehmite studied here contained both possible local HB
orientations (Fig. 8a). Peaks 10 and 11 have nearly the same intensity, indicating that roughly
half of the layers have HB chains pointing the same way and half have HB chains in opposite
directions. This suggests the directions of the HB chains are uniformly random from one layer to
the next. This finding highlights the value of INS spectroscopy for studying correlated proton

disorder.

4. Conclusions
We have presented a comprehensive INS data from 20 to 200 meV of diaspore, boehmite,
gibbsite, bayerite, and hydroxyl intercalated lithium-aluminum-layered double hydroxide (OH-

LiAl-LDH). Key spectral features reflecting the structure and dynamics of protons in these
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materials have been discussed, highlighting the complementary nature of INS and optical
spectroscopic and computational studies. We have shown that the upper librational band edge
reflects the strength of HB by correlating the current measurements and existing literature data
with HB geometry. Using DFT simulations, we extended this correlation to the intramolecular
O-H stretching region, showing the relationship between the bending librations (probed by INS)
and more conventional spectroscopic interrogation of HB strength using IR and Raman. In the
lower energy region, the crossover from the onset of hydroxyl bending to mixing with
riding/lattice modes is determined by the weakest HB in the material. Finally, we demonstrated
that INS can be used to study details of the translational (0-100 meV) region and that peaks in
this region can be used, in conjunction with theoretical analysis, to identify correlated proton

disorder that cannot be measured by diffraction or optical spectroscopy.
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