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Abstract: Neutron diffraction and spectroscopy offer unique
insight into structures and properties of solids and molecular
materials. All neutron instruments located at the various neu-
tron sources are distinct, even if their designs are based on
similar principles, and thus, they are usually less familiar to the
community than commercial X-ray diffractometers and optical
spectrometers. Major neutron instruments in the USA, which
are open to scientists around the world, and examples of their
use in coordination chemistry research are presented here,
along with a list of similar instruments at main neutron facilities

Introduction

Neutron diffraction and spectroscopy have long been used in
the studies of coordination chemistry, providing structures and
revealing magnetic and other spectroscopic properties of com-
plexes.[1] Neutron user facilities around the world provide in-
struments and resources to industrial, academic, and govern-
ment entities to conduct the experiments. The Spallation Neu-
tron Source (SNS)[2] at Oak Ridge National Laboratory (ORNL,
Oak Ridge, Tennessee) in the US, the most intense pulsed neu-
tron beams in the world for scientific research, has recently pro-
vided many new instruments. The instruments at SNS, plus
those at High Flux Isotope Reactor (HFIR),[3] also at ORNL, and
National Institute of Standards and Technology (NIST) Center
for Neutron Research (NCNR, Gaithersburg, Maryland) in the
US,[4] are user facilities open to scientists around the world to
do neutron research.
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in other countries. The reader may easily and quickly find from
this minireview an appropriate neutron instrument for research.
The instruments include single-crystal and powder diffractome-
ters to determine structures, inelastic neutron scattering (INS)
spectrometers to probe magnetic and vibrational excitations,
and quasielastic neutron scattering (QENS) spectrometers to
study molecular dynamics such as methyl rotation on ligands.
Key and unique features of the diffraction and neutron spectro-
scopy that are relevant to inorganic chemistry are reviewed.

Unique features of neutron scattering derive from the dis-
tinct wave-particle duality of the neutron, its zero charge, mag-
netic (spin) features, and the strength of interaction with the
nucleus.[1c,d,5] With no charge, neutrons penetrate deeply into
a target and are scattered by nuclei of atoms and unpaired
electrons of the atoms. Atoms of different elements or isotopes
(nuclides) of a particular element, with different combinations
of protons and neutrons in the nuclei, have different nuclear
forces that scatter (or absorb) incident neutrons. Thus, each iso-
tope has a unique property to scatter neutrons known as the
neutron scattering cross-section. In comparison, X-ray scatter-
ing is a result of scattering of photons from electrons with
strong dependence on atomic number Z of the atom. The dis-
tinction becomes clear in the case of determining structure,
where X-ray diffraction can give an electron density map of a
single crystal. Neutron diffraction gives accurate positions of
the nuclei. The H atoms in molecular systems are virtually trans-
parent to X-rays but scatter neutrons strongly.[1c,5a] Elements
with similar atomic numbers Z, such as C and N or Mn and Fe,
may be difficult to distinguish in X-ray diffraction but are easily
distinguished by neutron diffraction. In addition, H and D iso-
topes scatter neutrons differently (mostly “incoherent” and “co-
herent”, respectively), making it easier, for example, to distin-
guish H and D atoms in a molecule and emphasize spectro-
scopic or structural information content in the scattered neu-
tron beam. In addition, neutron diffraction often provides
more accurate bonding details, especially for atoms of light ele-
ments.

Neutrons may transfer some of their kinetic energies to sam-
ples through inelastic neutron scattering (INS), leading to mag-
netic and vibrational transitions.[1d] Neutrons carry spins and
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interact with unpaired electron spins in the sample, leading to
magnetic transitions among low-lying energy levels[6] of as
small as <1 cm–1.[6g] Unlike IR and Raman spectroscopy which
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are subject to different rules of optical selection, INS for vibra-
tions has no such rules and it gives a wide spectral range of
16–4,000 cm–1.[1d] Thus, all vibrations are active in INS, and the
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spectra are particularly sensitive to H atom vibrations. These
features make INS spectra readily and rigorously modeled, usu-
ally using ab initio methods, without the complications from
electro-optic parameters.

Each neutron instrument is specially designed with distinct
features and trade-offs in design, function, and capabilities are
often encountered. This minireview summarizes key features of
major neutron instruments relevant to coordination chemistry
research, which should help the reader link the appropriate in-
struments to her/his research. Here, we provide first a brief
overview of neutron generation and scatterings formalism for
diffraction and spectroscopy. Key features of major neutron in-
struments in the USA are then discussed with examples of their
use in coordination (and inorganic) chemistry research. Instru-
ments at neutron facilities in other countries, mainly the ISIS
Neutron and Muon Source (Chilton, UK), Institut Laue–Langevin
(ILL, Grenoble, France), Heinz Maier-Leibnitz (FRM II, Munich,
Germany), Helmholtz-Zentrum Berlin für Materialien und Ener-
gie (HZB, Berlin, Germany), Frank Laboratory of Neutron Physics
(FLNP, Dubna, Russia), Paul Scherrer Institut (PSI, Villigen, Switz-
erland), and the Japan Proton Accelerator Research Complex
(J-PARC, Tokai, Japan) are listed in the relevant sections to illus-
trate the capabilities around the globe.
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1. Overview of Neutron Generation,
Diffraction, and Inelastic Neutron Scattering
(INS)
There have been many publications on neutron diffraction and
spectroscopy,[1a–d,1f–j,5,7] including books on fundamental phys-
ics of neutron scattering by Furrer and co-authors[5b] and by
Squires,[5a] an earlier book on neutron scattering in chemistry
by Bacon[1a] and a more recent review on the subject by
Pusztai,[1b] a book on single-crystal neutron diffraction by
Wilson,[1c] and another book on vibrational spectroscopy with
neutrons and its applications in chemistry (among others) by
Mitchell and co-authors.[1d] An overview is given here of the
generation of neutron beams, elastic neutron scattering for dif-
fraction, and inelastic neutron scattering (INS) and quasielastic
neutron scattering (QENS) for spectroscopy.

1.1. Neutron Generation

A neutron beam is typically generated by one of the following
two methods:[1d] (1) Fission of a radioactive nuclide such as U-
235 in a reactor (known as reactor sources);[1d] (2) Spallation of
a heavy metal target such as mercury,[2,8] tungsten,[9] or lead[10]
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by a high-energy proton beam[11] (known as a spallation
source).

U-235 fission is a more traditional method to generate neu-
trons. Neutrons are used to induce U-235 fission yielding yet
more neutrons, a fraction of which after cooling (moderating)
is sent to instruments as a continuous neutron beam with a
broad energy distribution.[1d] Facilities that use the U-235 fis-
sion to make neutrons include the High Flux Isotope Reactor
(HFIR) at ORNL,[3] Neutron-Beam Split Core Reactor (NBSR) at
NIST,[4] high-flux reactor at Institut Laue-Langevin (ILL, Greno-
ble, France),[12] FRM II (Munich, Germany),[13] Budapest Research
Reactor (Budapest, Hungary),[14] and OPAL reactor at the Austra-
lian Centre for Neutron Scattering[15] (ANSTO, Lucas Heights,
Australia). The IBR-2 reactor at the Joint Institute for Nuclear
Research (Dubna, Russia), however, is an exception in that it
uses fission of plutonium (in PuO2) to generate neutrons.[1d,16]

In addition, two movable neutron reflectors at IBR-2 give a
pulsed neutron beam in contrast to continuous neutron beam
in other reactor-based neutron sources.[1d,16]

Spallation process typically uses a pulsed, high-energy pro-
ton beam to collide with a target of heavy metal rich in neu-
trons. The protons excite the nuclei into a highly energetic
state, evaporating nucleons (mostly neutrons) from the nu-
clei.[1d] Some of the neutrons spall off the target, giving, e.g.,
60 pulses per second of neutrons at SNS.[1d] Other neutrons
continue to trigger further reactions. In the process, each pro-
ton generates about 15–30 neutrons, yielding a very intense
neutron pulse. Unlike U-235 in the reactor sources, the target
metal here is not required to be naturally fissile. Spallation sour-
ces include Spallation Neutron Source (SNS)[2] at ORNL, ISIS
Neutron and Muon Source at Rutherford Appleton Laboratory
(Chilton, UK),[1d,11] J-PARC (Japan),[17] and the new China Spalla-
tion Neutron Source (CSNS) which has just started commission-
ing.[18] An exception to the pulsed spallation design is the Swiss
Spallation Neutron Source (SINQ), a continuous source at Paul
Scherrer Institut (PSI, Villigen, Switzerland).[1d,19] SINQ could be
considered to be a reactor source without the disadvantage of
using fissile material such as U-235.[1d] In Sweden, European
Spallation Source (ESS) is being constructed and the user pro-
gram is expected to start in 2023.[20]

Newly generated neutrons usually have energies higher than
needed for either diffraction or spectroscopy. Thus, their ener-
gies are reduced by passing the neutron beams through mod-
erators of various types to produce neutrons of the desired
wavelength (energy).[1b]

1.2. Neutron Scattering

When incident neutrons penetrate a sample, they are typically
scattered due to interactions with either the nuclei of the atoms
or unpaired electrons (spins). The scattering by unpaired elec-
trons in a sample is called magnetic scattering, as it is the result
of magnetic interactions between neutron spins and electron
spins. Basic theories of both types of scattering have been dis-
cussed in detail elsewhere.[5] A qualitative description of the
scattering processes is given here.

Some scattered neutrons have the same energy as the inci-
dent neutrons but simply change their direction. Such a scatter-
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ing process is called elastic neutron scattering. Other neutrons
undergo energy transfer with the sample during the scattering
process. These neutrons not only change their direction but
also energy. Such a scattering process is called inelastic neutron
scattering (INS). Both elastic and inelastic neutron scattering
occur at the same time during interaction with the sample, and
some neutron instruments are designed to measure both as-
pects simultaneously. For thermal neutrons, their wavelengths
match the characteristic length scales of interatomic spacing in
solids and their energies are in the same range of magnetic and
vibrational excitations. As a consequence, the very same neu-
tron can probe both structural and dynamical properties. Dif-
fraction from elastic scattering and spectroscopy from inelastic
scattering are discussed below.

The elastic and inelastic scatterings may be represented us-
ing vectors in Scheme 1. The incident neutron has a wavelength
λi and corresponding momentum ki (= 2π/λi). The neutron is
scattered by the sample, giving outgoing (final) neutron mo-
mentum kf (= 2π/λf ) (Scheme 1-Left) with a wavelength λf and
the resulting vector of momentum transfer, Q = ki – kf.

Scheme 1. Schematic of the neutron scattering processes. ki and kf refer to
the momenta of the incoming and outgoing neutrons, respectively. Q =
ki – kf is the momentum transfer. Q is the magnitude of Q.

For neutrons from a reactor source, they are typically mono-
chromated to a single wavelength or equivalently, energy. This
is achieved by either interaction with a monochromator,[1c]

which is often composed of (somewhat imperfect) single crys-
tals that diffract neutrons, or, using a series of choppers to se-
lect pulsed neutrons, before they reach the sample. For pulsed
spallation sources, no monochromator is used in the diffraction
measurements. Instead, the time-of-flight (TOF) technique is
used to determine the energies of scattered neutrons based on
the times they reach the detectors relative to when the pulse
was started.[1c,21] The advantage of the TOF diffraction tech-
nique is that a much more intense neutron beam (than in the
reactor sources) can be used for diffraction, making data collec-
tion more efficient.

1.2.1. Diffraction

Neutron wavelengths can be modulated to the range of atomic
distances in solid crystals. Thus, when neutrons collide with a
crystalline sample, the elastic scattered neutrons from crystals
may interfere, giving diffraction effects that follow the Bragg's
law (Scheme 2).[1c] As in the case of X-ray diffraction, both pow-
der and single-crystal samples may be used in neutron diffrac-
tion. Examples of both powder and single-crystal neutron dif-
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fraction to give structures of coordination complexes are given
below. In addition, the book by Wilson offers more details of
single-crystal neutron diffraction from molecular solids.[1c] In
short, the structure information through neutron diffraction is
from neutrons that undergo elastic scattering with the nuclei of
the crystalline sample and later interfere to give rise to Bragg
peaks. If single crystals can be grown, a structure solution is
relatively straightforward and is the preferred method. Depend-
ing on the crystal size and necessary Q-space coverage, this
technique can be relatively slow, and not always suitable for
parametric studies in which case powder diffraction may be
suitable alternative. If there are no suitable crystals to solve a
structure from, powder diffraction is the next best option for
structure solution or structure refinement.

Scheme 2. Schematic of elastic neutron scattering process, leading to diffrac-
tion. For elastic neutron scattering, Q = 4πsin θ/λ, where λ is the wavelength
and 2θ is the scattering angle.

When neutrons are scattered by unpaired electrons in a sin-
gle crystal through the magnetic interactions and the scattered
neutrons interfere, the diffraction provides spin density of the
crystal.[7] For polarized neutron diffraction (PND), an instrument
with polarization capabilities, such as a triple axis instrument
with 3He polarized gas cells, or a dedicated diffractometer such
as D3 at ILL,[22] is used to measure the spin density. For D3,
neutrons pass through a polarizing monochromator and then
a spin flipper to give neutron beams with either up or down
spins at the single crystal inside an external magnetic field. The
unpaired electron spins of the crystals are aligned “up” with the
magnetic field at, e.g., 2 K. The up- and down-spin neutrons
have different interactions with the “up” electron spins, leading
to different diffraction intensities, which can be used to yield
spin density of the crystal. One example of its use is the deter-
mination of spin density and which FeIII ions (S = 5/2) have up

Figure 2. Diffraction pattern of protio- and deuterio-adamantane collected at POWGEN which is discussed below. The substantially large background in the
hydrogenous sample appears due to the large incoherent scattering cross section of hydrogen which is missing in the deuterium-containing sample. The
Bragg intensities differ due to the opposite sign of scattering length.
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spins and which have down spins in [Fe8O2(OH)12(tacn)6]-
Br4.3(ClO4)3.7·6H2O (Fe8pcl; tacn = 1,4,7-triazacyclononane).[23]

The two FeIII ions in blue color in Figure 1 carry down spins,
and the other six Fe atoms in red color carry up spins.[7] Deter-
mination of spin density in chemical compounds, especially
those with organic groups or ligands, is challenging at present,
mainly because that the number of magnetic diffraction peaks
from PND is often insufficient to give spin density.[7] The use
of polarized neutron diffraction to give spin density has been
reviewed.[7] Powder samples can also give rise to magnetic scat-
tering and is often used to solve the magnetic structures of
materials. Instrument descriptions and examples of results ob-
tained for both single crystals and powder work are discussed
in Section 2.

Figure 1. Magnetization density map in Fe8pcl. Reprinted from ref. 23. Copy-
right (2007), with permission from Elsevier.

As indicated in the introduction, neutron scattering is an
ideal tool to study the locations and vibrations of light ele-
ments, especially hydrogen. The most common isotope of
hydrogen, protium, has a very large incoherent scattering cross
section. Protium and the other stable isotope of hydrogen, deu-
terium, have negative and positive scattering lengths of –3.74
fm and 6.67 fm, respectively. The large incoherent scattering
cross section leads to high background that is dependent on
neutron energy and hence its wavelength. In addition, inelastic
scattering cross section for 1–2 Å neutrons, which is often used
for diffraction, can increase as a function of temperature and
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protium contents (or more commonly called hydrogen con-
tents) of the samples. While the presence of hydrogen in the
samples is not usually difficult to address in single-crystal dif-
fraction (as discussed in the section on TOPAZ below), it is often
more challenging in powder neutron diffraction. However, as
shown in Figure 2, with very high flux available in current state-
of-the-art powder diffractometers, large hydrogen atom per-
cent samples are still feasible to study. Wilson et al. published
an extensive review in 2014 on studying hydrogenous materials
using neutron diffraction.[24]

1.2.2. Spectroscopies from Inelastic Neutron Scattering (INS)

In INS processes at low temperature, the sample more likely
gains energy from the neutron, leading to excitation from a
lower energy state to a higher energy state. The sample may
also lose energy, going from a higher energy to a lower energy
state, leading to neutron energy gain. An example of using INS
to probe magnetic transitions in [Mn(TPP)Cl] {S = 2; axial zero-
field splitting parameter D = –2.24(3) cm–1; TPP2– =
tetraphenylporphyrinate} is given in Figure 3.[6g] At 2.1 K, only
the ground state MS = ±2 is populated, giving only one large
peak at 6.70(3) cm–1 = 3D for the transition to MS = ±1. At 5.1 K,
the MS = ±1 state is populated and its transition MS = ±1 ↓ 0
gives a second peak at 2.24(3) cm–1 = D. As the temperature is
increased to 10.2 K and 50.0 K, the MS = ±1 is more populated
while the MS = ±2 is depopulated, leading to the changes in
the intensities of the two INS peaks. In addition, the “emission”
peaks at –6.70(3) cm–1 and –2.24(3) cm–1 are also becoming
more prominent as temperature increases, as they correspond
to MS = 0 → ±1 and ±1 → ±2 transitions, respectively.

There are three types of INS instruments:[1d] direct-geometry
TOF spectrometers, indirect-geometry TOF spectrometers, and
triple-axis spectrometers (TAS). TOF spectrometers have been
widely used for INS relevant to coordination chemistry, espe-
cially that of complexes, and powders are the most likely form
of the samples. We will focus on these instrument types and
briefly discuss TAS where applicable.

Figure 3. (Left) Mn(TPP)Cl and its ZFS splitting (D < 0). (Middle) INS spectra of [Mn(TPP)Cl] using a 12.58 cm–1 incident neutron beam[6g] at Cold Neutron
Chopper Spectrometer (CNCS), SNS.[25] (Right) Theoretical INS spectra of an S = 2 spin system with D = –2.24(3) cm–1. Reproduced with permission from ref.
6g. Copyright 2014 American Chemical Society.
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Designs of the direct- and indirect-geometry spectrometers
are given in Scheme 3. In a direct-geometry spectrometer, the
selected incident energy Ei is fixed and Ef is measured by
TOF (Scheme 3-Left) to determine the energy transfer (Zω =
Ei – Ef ).[5b] Such a design allows for a wide range of Q measure-
ment for different excitations. Direct-geometry instruments may
also permit the use of a magnet and other ancillary equipment.
The Cold Neutron Chopper Spectrometer (CNCS)[25] and the
Fine-Resolution Fermi Chopper Spectrometer (SEQUOIA)[26] at
SNS, ORNL and the Disk Chopper Spectrometer (DCS, NIST)[27]

are examples of direct geometry instruments in the USA. Cur-
rently, the spectrometers at SNS (CNCS and SEQUOIA) and NIST
(DCS) can be used with an 8-T and 11.5-T magnet, respectively.

Scheme 3. (Left) Direct- and (Right) Indirect-geometry INS spectrometers. The
indirect-geometry spectrometer is shown with scattering angles of 45° and
135°, forward scattering and backscattering, respectively (blue lines).

INS, in particular the scattering by the direct-geometry spec-
trometers that measure over a range of Q, is unique in that
it is capable of distinguishing magnetic peaks from those of
vibrations.[1a,5] Peaks of magnetic excitations in INS spectra de-
crease in intensity with increased Q, while those from vibrations
increase in intensity with increased Q [1a,5] An example is given
for the INS spectra of Fe(TPP)Cl (S = 5/2, Figure 4).[6g] Changes
in peak intensities vs. Q are given in Figure 4-Right, showing
that the intensity of the 12.65(8) cm–1 magnetic peak decreases
with increased Q. Intensities of the peaks that are
>16 cm–1 increase with increased Q, indicating that these peaks
are vibrational in nature.[6g]
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Figure 4. (Left) Fe(TPP)Cl and its ZFS splitting (D > 0). (Middle) INS spectra of Fe(TPP)Cl using a 24.20 cm–1 incident neutron beam[6g] at CNCS.[25] (Right)
Change in the peak intensities vs. Q at 1.5 K. Incident neutron energy: 80.66 cm–1. Reproduced with permission from ref. 6g. Copyright 2014 American
Chemical Society.

For the indirect-geometry INS spectrometers, the final en-
ergy, Ef, of the scattered neutrons reaching the detectors is fixed
by design (through crystal diffraction and/or filters).

The incident neutrons can be either chosen individually, for
example, at a reactor source with a monochromator [such as
FANS at NIST (US)[28] and IN1-LAGRANGE[29] at ILL (France)] or
from a “white” beam where Ei is determined using the time the
neutron reaches the detector through TOF.[1d] The latter, such
as indirect-geometry INS spectrometers at spallation sources,
gives a wide energy transfer range up to ca. 4000 cm–1 with
high energy/spectral resolution.[30] The geometry of these in-
struments is such that Ei is much larger than Ef, thus making Q
almost equal to ki irrespective of the scattering angle and yield-
ing limited Q information. The Vibrational Spectrometer
(VISION,[30a] ORNL) is an example of an indirect-geometry in-
strument. There are two banks of analyzers (Scheme 3 right)
with two different scattering angles, one at 45° (forward scatter-
ing) and another at 135° (backscattering) giving two spectra
per experimental data acquisition.

In a triple-axis spectrometer (TAS), monochromatic neutrons
interact with the sample and the Ef reaching the detector is
selected by an analyzer.[1d] Because of the monochromatic na-
ture, incident neutron flux is not large. Since background noise
from incoherent scattering of H atoms is large for H-containing
materials, TAS is typically reserved for the study dispersion of
excitation in the materials that do not contain H atoms. The
MACS (Multi-Axis Crystal Spectrometer)[31] at NIST has charac-
teristics of a triple-axis instrument.

1.2.3. Quasielastic Neutron Scattering (QENS)

QENS is a limiting case of INS, when energy transfers are very
small compared to the incident neutron energy.[32] It is used to
probe very small energy exchanges near the elastic line (E = 0),
such as translational or rotational motion of atoms or mol-
ecules, that cause broadening of the elastic peak. Figure 5 is
an example of QENS spectra of a Cu-Tb based single-molecule
magnet (SMM).[33] At 3.5 K, the spectrum is almost completely
elastic. With temperature increase, the bottom of the spectra
becomes broader, which is attributed to a distinct magnetic
relaxation on the ns–ps timescale. This is faster than the mag-
netic relaxation observed by AC susceptibility on the ms time-
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scale around T = 2 K.[33] High-resolution spectrometers, such
as Backscattering Spectrometer (BASIS) at ORNL and High Flux
Backscattering Spectrometer (HFBS) at NIST,[34] are typically re-
quired for QENS, but any direct-geometry TOF instrument such
as CNCS[25] and DCS[27] can also be used. Recently QENS spectra
of Co(acac)2(D2O)2, another SMM, at BASIS with a 4-T magnet
reveals that the rotation of the methyl groups on the acac li-
gands is slowed down by the magnetic field increase.[35]

2. Single-Crystal Diffractometers

Single-crystal neutron diffraction gives precise determination of
the structures of the samples. There are two single-crystal neu-
tron diffractometers at ORNL suitable for chemistry. TOPAZ
(BL-12)[36] at the SNS uses neutron wavelength-resolved TOF
Laue technique for data collection,[2] while HB-3A Four-Circle
Diffractometer (FCD)[37] at HFIR uses constant monochromatic
neutrons at HFIR.[3]

TOPAZ is a high-resolution single-crystal diffractomer for
chemical crystallography. In comparison to FCD, TOPAZ offers
better real space resolution and is more suitable for molecular
structures with unit cell lengths up to 70 Å.[21] Hydrogen atom
positions can be well resolved from data collected on TOPAZ.
No deuteration of samples is often needed for diffraction on
TOPAZ, making it much easier to obtain crystal structures of
coordination compounds. TOPAZ is not equipped with a mag-
net. FCD is efficient for more focused research to answer, e.g.,
a specific question after the structure of the molecule has been
determined by X-ray diffraction. It provides nuclear and mag-
netic structures as a function of temperature T (≈ 0.05–800 K),
pressure P (0–100 kbar), magnetic field B (0–8 T), and electric
field E (0–104 V/cm).

2.1. TOPAZ at ORNL

Neutron wavelength-resolved TOF Laue technique is employed
at TOPAZ,[36] expanding the measured diffraction pattern from
2D on detector faces to wavelength-resolved 3D volume in (x,
y, λ) along the neutron TOF direction. The instrument is capable
of volumetric reciprocal space mapping to high resolution,
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Figure 5. (Left) Structure of a Cu-Tb complex; (Right) QENS spectra at variable temperatures. Reprinted from ref. 33. Copyright (2013), with permission from
Elsevier.

Qmax = 25 Å–1 (dmin = 0.25 Å), the highest in resolution among
the suite of neutron single-crystal diffraction instruments at
HFIR and SNS. Single-crystal samples with dimensions between
0.1–3 mm on edge and a volume of 0.1–30 mm3, preferably
isometric, are well suited for TOPAZ. The newly installed high-
flux neutron guide enables routine measurements of submilli-
meter size single-crystal samples. A data set can be collected
at ambient conditions or in controlled sample environments
within couple hours or up to 6 days, depending on the sample
size, composition, unit cell volume, crystal symmetry, and dif-
fraction quality. A cold flow from liquid nitrogen with a temper-
ature range of 90–450 K provides sample cooling and heating.
Delivery of a low-temperature (5 K) goniometer is anticipated
by 2019. It is worth noting that a large continuous 3D volumes
of neutron diffraction data can be measured on a single sample
position and saved in event mode. Such a design is ideal for
variable-temperature study of structural/magnetic phase transi-
tions in real time. Event data can also be collected under ap-
plied electric field under static or stroboscopic conditions for
parametric studies. Future upgrade plans for TOPAZ also include
a diamond anvil cell for pressure study of small single-crystal
samples (< 0.05 mm3 in volume).

In the short time since TOPAZ became operational, it has
been widely used in coordination chemistry studies. The broad
Q coverage makes TOPAZ ideal for studying nuclear and mag-
netic structures at subatomic resolution. Examples span a wide
range of inorganic materials, including position assignment of
Fe and Co centers in a heterometallic mixed-valent molecular
precursor,[38] hydrogen bonding in hybrid inorganic-organic pe-
rovskites,[39] and host–guest interaction in uranyl nanoclus-
ters.[40] Neutron diffraction at TOPAZ has confirmed the long
sought-after �-agostic bond between a C-H bond and late tran-
sition metal ion PdII that has eluded structural characterization
for decades.[41] Position of the agostic hydrogen could not be
located directly from the differential electron density map using
X-ray diffraction because of the low electron density of the
hydrogen atom in contrast to the heavy PdII ion. A hydrogen-
ated single-crystal sample of suitable sizes works well on TO-
PAZ. A few other cases of TOPAZ use in coordination chemistry
work are given below.

Synthetic biologically inspired complexes exhibiting reactiv-
ity similar to hydrogenase enzymes have provided evidence of

Eur. J. Inorg. Chem. 2019, 1065–1089 www.eurjic.org © 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim1072

hydride transfer to the metal and proton transfer to an amine,
but key structural information about the intermediate is not
readily discernible with X-ray diffraction.[42] Bullock et al. re-
ported the cleavage of dihydrogen bond using a synthetic
mimic of [FeFe]-hydrogenase [CpFeN-L](BARF) {Cp = penta-
fluoropyridylcyclopentadienide; N-L= 1,5-di(tert-butyl)-3,7-
di(tert-butyl)-1,5-diaza-3,7-diphosphacyclooctane; BARF = B[3,5-
(CF3)2C6H3]4

–}, under mild conditions.[43] Experimental data
from the iron complex suggest that the pedant amines act as
proton relay to accelerate intra- and intermolecular proton
transfer and facilitating coupled proton-electron transfer reac-
tion for electrocatalytic oxidation of H2.

The neutron structure measured on TOPAZ confirms that re-
action of [CpFeHN-L]+ with H2 under mild conditions leads to
heterolytic cleavage of the H-H bond into a proton and hydride
(Figure 6).[44] The precise location of H atoms in the reaction
intermediate [CpFeH···HN-L]+ reveals remarkably short H···H
distance of 1.489(10) Å, documenting an unusually strong “di-
hydrogen bonding” interaction between the acidic N–Hδ+ and
hydridic Fe–Hδ–, where the ferrous hydridic site {FeII-H–} acts as
the H-bond acceptor and the nitrogen of the protic pendant
amine {L-N-H+} as the H-bond donor. The neutron structure pro-
vides clear evidence of a crucial intermediate involving an
Fe–H···H-N interaction in the oxidation of H2. The result clarifies
the key role of the pendant amine in the iron complex and
provides insights into the design of synthetic electrocatalysts
sought as cost-effective alternatives to platinum in fuel cells.

Another example is the study of polyhydrido copper nano-
clusters by TOPAZ. Metal hydride clusters are an important class
of materials for hydrogen related applications. Central to this
work is the hydride ligand, H–, the smallest closed-shell anion
known. Dhayal et al. reported a [Cu32(H)20{S2P(OiPr)2}12] nano-
cluster containing the highest number of hydrides in a molec-
ular cluster.[45] The positions of 20 hydrides of the Cu32H20 core
were well resolved from high resolution data collected on
TOPAZ for a 0.45 mm3 single-crystal sample with more than 51
atom-% hydrogen (Figure 7). The polyhydrido copper cluster
studied consists of 12 tri-, 6 tetra-, and 2 penta-coordinated
hydrides in capping and interestitial modes.[46] It is noted that
diffraction from a much smaller single crystal of 0.065 mm3 on
TOPAZ successfully located the hydride positions in another
hydrogenated nanospheric polyhydrido copper cluster.[47]
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Figure 6. Molecular structure of [CpFeH···HN-L]+ determined by neutron diffraction, showing thermal ellipsoids at 50% probability level. Reproduced from ref.
44. For clarity, the methyl substituents of the PtBu

2(NtBu
2) ligand, the BArF4

– anion, the co-crystallized fluorobenzene molecule, and hydrogen atoms bonded
to carbon atoms are omitted. Selected H-bond lengths [Å] and angle [°]: H1A⋅⋅⋅H1B 1.489(10); Fe1–H1B 1.544(7); N1–H1A 1.079(6); H1B–H1A–N1 155.6(8).

Figure 7. The positions of 20 hydrides of the Cu32H20 core were well resolved
from high resolution data collected on TOPAZ for a 0.45 mm3 single-crystal
sample with more than 51 atomic% hydrogen. Reproduced from data in ref.
46.

2.2. Four Circle Diffractometer (FCD, Also Known As
HB-3A) at ORNL

Four-Circle Diffractometer (FCD, HB3A) at HFIR is a single-crystal
neutron diffractometer equipped with a 2-D Anger Camera de-
tector.[37] A bent perfect silicon monochromator can vary the
incident neutrons from high flux (2.2 × 107 ns/cm2/s) to high
resolution mode (δQ = 0.007 Å–1, corresponding to ≈ 900 Å size
scale; Q = 2π/d; d is a real space distance) for various scientific
missions, ranging from weak scattering signals (small required
crystal size of sub-mm or weak magnetic/superlattice order) to
weak lattice distortions or large-scale magnetism such as long
periodicity helical and skyrmion lattice. The monochromator
can select three wavelengths of 1.008 Å, 1.550 Å, and 2.551 Å,
and can reach the highest atomic resolution of 0.504 Å. As indi-
cated earlier, the main mission of FCD is to explore nuclear
and magnetic structures as a function of temperature, pressure,
magnetic field, and electric field. FCD aims to understand pha-
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ses emerging from competing interactions among spin, charge,
orbital, and lattice degrees of freedom. Studies cover physics,
chemistry, materials science, and mineralogy.

The high flux/resolution monochromatic thermal neutron
beam at FCD is a distinctive feature, which is good for precisely
and efficiently measuring small unit cell crystallographic and
magnetic structures (< 104 Å). The large, 2-D Anger camera de-
tector provides the capability for efficiently surveying the full Q
space under complex sample environment and also half-
polarized neutron diffraction to detect magnetic anisotropy.
Benefiting from the different scattering lengths than X-rays, it
is more efficient to use FCD jointly with single-crystal X-ray dif-
fraction for crystallographic and magnetic structure studies,
such as new materials in solid state chemistry, complex molec-
ular magnetism, and phase analysis of complex phase transi-
tions and phase coexistence, especially those requiring com-
plex/combined sample environment. The typical size of crystal
has a side length of 0.5–5 mm. The instrument is efficient to
solve the phase transition vs. temperature, fields, pressures, es-
pecially for small unit cell structures.

Examples of the FCD use includes the structure determina-
tion for uranium aluminide silicide U8Al19Si6, a stuffed supercell
grown from aluminum flux by Latturner's group.[48] Al and Si,
next to each other in the periodic table is difficult to be distin-
guished by X-ray diffraction.

Both UAl3 and USi3 adopt the cubic AuCu3 structure type.
However, U8Al19Si6 has a stuffed superstructure reportedly iso-
morphous to cubic UAl3 and USi3. However, neutron diffraction
at FCD revealed that U8Al19Si6 (Z = 8, Pm-3n) is a new stuffed
supercell variant of UAl3. It has 4 times the expanded unit cell
along each cubic axis than that for UAl3 or USi3 and also two
extra occupied sites for Al/Si, the so-called stuffed sites (Fig-
ure 8), resulting in a U:(Al/Si) ratio of 1:3.125 instead of the
expected 1:3. The neutron diffraction was used to distinguish
ordered Al and Si sites. The neutron data were interpreted with
the X-ray data collected from the part of the same piece of
crystal at 150 K, giving the structure in Figure 8.[48] Combined
single-crystal neutron and X-ray diffraction studies have also
led to the determination of Yb3-δFeAl4-xMgxSi2 to confirm atom
positions and occupancies, including the extent of substitu-
tion.[49]
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Figure 8. Crystal structure of U8Al19Si6 determined by single-crystal neutron
diffraction at FCD. U (yellow and red inside the stuffed sites), Al (light blue),
Si (dark blue). Reproduced with permission from ref. 48. Copyright 2018
American Chemical Society.

FCD is mostly used for calibrating magnetic orders in solids,
such as the [MnSb4]9– cluster in Yb14MnSb11,[50] and the mag-
netic structure of EuCo2As2, indicating ordered magnetic mo-
ments only on Eu sites.[51] FCD has also been used in the atomic
displacement studies that are related to structural transition,
instability, anharmonicity, and thermal or quantum fluctua-
tions.[52] In 2019, FCD (HB-3A) will be equipped with a large
high-pixelated area detector as well as a cryostat and a cryo-
magnet for ultra-low-temperature and high-magnetic-field
studies. Half-polarized neutron diffraction has become possible
and is being developed for spin density studies, which is very
important for investigating molecular magnetism as introduced
above. FCD will have a new name DEMAND for the significantly
expanded capabilities.[52d]

Single-crystal diffractometers around the world that are simi-
lar to TOPAZ using TOF Laue include SXD[53] at ISIS (UK),
SENJU[54] at J-PARC (Japan), and thermal neutron Laue diffrac-
tometers FALCON[55] at HBZ (Germany), Koala[56] at ANSTO (Aus-
tralia) and VIVALDI[57] at ILL (France). In addition to TOPAZ, the
suite of single-crystal instruments at SNS (ORNL) include the
Elastic Diffuse Scattering Spectrometer (CORELLI),[58] Macromo-
lecular Neutron Diffractometer (MaNDi),[59] and Spallation Neu-
trons and Pressure Diffractometer (SNAP).[60]

Diffractometers similar to FCD include D9[61] and D10,[62]

both at ILL (France), HEiDi[63] at FRM-II (Germany), ZEBRA[64] at
PSI (Switzerland), and BL18[65] at J-PARC (Japan).

3. Powder Diffractometers
In the absence of suitable single crystals, solving or refining
crystal structures requires the use of powder diffraction. At any
particular neutron facility, often several styles of powder diffrac-
tometer cater to a specific requirement for types of problems
that can be solved. The most practical for structure solution
are high-resolution instruments. Three powder diffractometers,
General-Purpose Powder Diffractometer (POWGEN)[66] at SNS,
ORNL, High-Resolution Powder Diffractometer (BT-1)[67] at NIST,
and Neutron Powder Diffractometer (POWDER, HB-2A)[68] at
HFIR, ORNL are discussed below. Pulsed neutrons from spalla-
tion are employed at POWGEN, while BT-1 and HB-2A use neu-
trons from steady-state reactors.

These instruments are generally characterized by narrow in-
strumental resolution over a large Q range that allows for the
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best chance of resolving Bragg peaks, even for low crystal sym-
metry materials, and resulting in high accuracy of extracted
structural parameters. These types of instruments are usually
flux-limited, leading to data collection times on the order of
hours. If speed of data collection is a priority, instruments have
been designed that reduce the Q-range, and/or coarsen the
instrument resolution, increasing the flux on sample by several
orders of magnitude in comparison to a high-resolution instru-
ment. When coupled with a large 2-dimensional detector, it is
possible to record diffraction patterns in the sub-second re-
gime, allowing for kinetic processes to be measured.

Preparing samples for neutron powder diffraction is typically
straight forward after ensuring phase-purity and crystallinity us-
ing a laboratory X-ray powder diffractometer. The sample is
then loaded into a suitable vanadium-alloy or null-scattering
cell which exhibits either small or no Bragg peaks for neutrons.
The cell is not completely transparent to neutrons as there is a
substantial incoherent scattering from vanadium, adding to the
background. Weak scattering of small samples may benefit from
using aluminum as a cell that reduces the background, but will
generate Bragg peaks in known locations, and can benefit mag-
netic structure determinations. Regular helium-flow cryostats,
or closed-cycle displexes, and furnaces can be used to control
temperature with some consideration given to either ensuring
the sample is not sealed gas-tight and that the cryostat sample
space has sufficient helium for thermal exchange, or that the
sample cell is sealed under a helium environment. Another cell
option for samples needed to obtain mK temperatures is a cop-
per can capable of being pressurized with helium to about
10 bar at room temperature, where the copper is necessary to
ensure thermal conductivity. Use of magnets further requires
that non-magnetic screws and adaptors be used.

Analyzing the powder diffraction data can be practically sep-
arated into two parts. The Bragg peak locations are determined
by instruments factors (zero-point error, wavelength) and the
material space group and unit cell dimensions. The intensities
of the Bragg peaks concern the exact distribution and location
of isotopes in the unit cell with attenuation due to atomic dis-
placements parameters (ADP's or Debye–Waller factors) and
perhaps more detailed considerations such as preferred orienta-
tion and stacking faults. If only the unit cell size is required from
the data, a whole-pattern fitting process (Pawley[69] or Le Bail[70]

amongst other intensity extraction techniques) is performed.
If the structure is known or close to being known, a Rietveld
analysis[71] can be undertaken, where a structural model is built
and manipulated to best match the data. Alternatively, partial
or full structure solutions[72] must be performed using the
myriad of techniques and software available (e.g., GSAS-II,[73]

FULLPROF,[74] and TOPAS[75]) from the peak intensities extracted
in profile fitting or from simulated-annealing and Monte-Carlo-
type or Charge Flipping approaches.

3.1. POWGEN at ORNL

POWGEN[66] is a third-generation, TOF powder diffractometer at
SNS.[76] This instrument was designed with high flexibility of
operation, whereby the user can use a range of incident wave-
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lengths by adjusting the bandwidth limiting choppers and
pulse repetition rate. The incident wavelength chosen dictates
the range of d-spacing or Q covered within the spectrum. It is
possible to access a d-range of 0.1 to ca. 30 Å using multiple
measurements, making this suitable for the study of a wide
variety of inorganic materials such as oxides, hydrides, MOFs,
and zeolites. The access to long d-spacing also makes the in-
strument suitable to study magnetic structures of a variety of
materials. Within a single measurement, it is also possible to
obtain data from d = 0.5–14 Å, making POWGEN an ideal instru-
ment to carry out in-situ/in-operando neutron powder diffrac-
tion. Examples include cycling of batteries, chemical looping
reaction, oxidation-reduction reaction, sample synthesis and
much more.

The location of the detectors in the instrument allows for all
detected scattered neutrons to be focused onto a single diffrac-
tion profile yielding high count rate with variable resolution
ranging from Δd/d = 0.0006 to 0.02. Some of this resolution
can be traded for higher intensity using a movable guide sec-
tion. The high intensity guide gives a factor of 1.2, 1.8 and 2.2
gain at center wavelength 0.8, 1.5 and 2.665 Å, respectively at
60 Hz making it possible to collect data from smaller samples.
Typical samples sizes range from 1 to 3 cm3. Data collection
time varies from minutes to hours depending on amount, crys-
tallinity, symmetry of structure and elemental composition of
sample.

POWGEN has an extremely versatile portfolio of science,
most of which involves inorganic compounds.[66] One commu-
nity with a large user base is researchers working on Li-ion
batteries. Li is a light element and as such accurate structural
information about Li+ is hard to characterize with more tradi-
tional techniques including X-ray diffraction especially in the
presence of other heavier elements such as transition metals
(TM) and lanthanides for example. In addition, many candidates
tend to be oxides and have a mixture of TM in the same crystal-
lographic site, which again is difficult to distinguish by X-ray
diffraction alone due to their similar scattering power. In a se-
ries of studies,[77] spinel-based cathodes with nominal formula
LiNi0.5Mn1.5O4 were structurally characterized using average
and total scattering methods. Li-ion batteries with higher volt-
age cathodes could increase the energy density by 20–50%.
Their practical use is thwarted by narrow electrochemical win-
dow of existing liquid electrolyte, poor safety, capacity fade,
limited cycle life, solid electrolyte interphase (SEI) formation and
dissolution of transition metals from cathodes. One possible so-
lution is the use of a solid electrolyte. One candidate is the
garnet-based Li6±dLa3Zr2O12. Neutron and X-ray diffraction
helped define the carrier concentration for a family of com-
pounds with Ta doping in the Zr site.[78]

Materials which store and release oxygen as they convert
between different phases and crystal structures are often called
oxygen-storage materials (OSM).[79] They can be used in chemi-
cal looping reactions such as methane reformation to capture
CO2 and simultaneously produce H2 (Figure 9). Such a process
has the potential to efficiently capture CO2 in the case of chemi-
cal-looping combustion or generate syngas (CO + 2H2) in the
case of chemical-looping reforming (CLR).[79] A major factor that
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determines the performance of these materials is the transport
of oxygen between the bulk and the surface of the OSM. The
chemical looping reaction generally takes a few minutes to
cycle. Thus, a fast diffraction technique such as synchrotron X-
ray diffraction (SXRD) had been used to follow various structural
phase transitions. A team from the University of Maryland car-
ried out neutron powder diffraction on La1-xSrxFeO3-d samples,
a potential candidate for OSM, using the gas-handling system
at POWGEN, which enabled alternating flows of 15% CH4 in N2

and air (20% O2 in N2) over the sample while measuring neu-
tron diffraction patterns at a variety of temperatures of 135–
835 °C for four different sample compositions (x = 0, 0.5, 0.67
and 1, Figure 9).[79b] While kinetics and structure can be easily
followed using SXRD, it is still difficult to determine accurate
oxygen stoichiometry due to the presence of much heavier Sr
and Fe in the sample. Using X-ray and neutron powder diffrac-
tion to analyze the structure under operational condition, the
team concludes that each material in this series has an “envel-
ope” of oxygen storage capacity over a certain temperature
range. Oxygen can easily and reversibly be inserted and re-
moved from the material in this range. However, kinetic limita-
tions keep the lattice oxygen inaccessible to cycling and above
this region, the difference in oxygen content for the material
under oxidizing and reducing conditions is negligible.

Figure 9. Schematic representation of the chemical-looping process (top).
Here, a perovskite is alternatingly exposed to air and a fuel (e.g., methane)
to cycle the material. Reproduced with permission from ref. 79b. Copyright
2016 American Chemical Society.

A new clathrate type was discovered in the Ba/Cu/Zn/P sys-
tem by the Kovnir group at the University of California at Davis.
The crystal structure of the Ba8M24P28+δ (M = Cu/Zn) clathrate
is composed of the pentagonal dodecahedra common to clath-
rates along with a unique 22-vertex polyhedron with two hex-
agonal faces capped by additional partially occupied phos-
phorus sites. This is the first example of a clathrate compound
where the framework atoms are not in tetrahedral or trigonal-
pyramidal coordination. Due to the similarity of X-ray scattering
lengths for Cu and Zn, neutron diffraction data collected at
POWGEN were crucial to solve the crystal structure of this mate-
rial. Low thermal conductivity, a tunable composition, and tun-
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Figure 10. Polyhedral representation of the crystal structure of Ba8M24P28+δ. Ba: green and blue; M: red; P: yellow and gray. Reproduced from ref. 80.

able charge transport properties make the title compound a
promising base for the development of novel thermoelectric
materials (Figure 10).[80]

3.2. BT-1 at NIST

BT-1, built in 1992,[67,81] is a high-resolution powder diffractom-
eter. In the current configuration, the incident wavelength, reso-
lution, and Q range are defined by the primary beam collima-
tion choice, focusing monochromator choice, pre-sample colli-
mation, and the detector collimation. The most frequently used
set-up for coordination polymers and metal-organic framework
is to use the most open primary beam and the Ge(311) mono-
chromator (λ = 2.078 Å, Qmax ≈ 6 Å–1) to give the highest flux,
and good resolution between 0.011 Å–1 and 0.015 Å–1 up to a
Q of ca. 4.5 Å–1. The lowest flux, highest resolution Ge(733)
monochromator is infrequently used, while the Cu(311) mono-
chromator is excellent for smaller unit cells (lattice parameters
under ca. 10 Å). Typical sample cell volumes are 1–10 cm3, with
negligible resolution dependence on sample size. Counting
times for Rietveld quality data depend on the sample size. For
example, a few hundred milligrams of a well crystalline MOF, a
full pattern can be acquired in 6 to 8 h. In addition, most sam-
ples retain their intrinsic H-containing ligands, and relatively

Table 1. Temperature capabilities of the various sample environments compatible with BT-1. Bottom-loading CCRs operate with the sample space under
vacuum. Top-loading CCRs can run below room temperature with He exchange gas but must operate under vacuum at higher temperatures. Top-loading
CCRs typically have different thermometry on the sample sticks for low or high temperature uses.

Environment Temperature range [K] Sample cell requirements

Dilution refrigerator insert 0.05–300 Cu, under 10 bar He-4
He-3 (dipper or dedicated) 0.3–300 V, Al, or Cu
Liquid He-4 cryostat 1.5–300 V preferred
Bottom-loading CCR (high power) 3–325 V preferred
Bottom-loading CCR (low power) 6–325 V preferred
Bottom-loading high temperature CCR 14–800 V preferred, Cu lid preferred, appropriate seals for tempera-

ture range needed
Top-loading CCR 5–700 V preferred, Cu lid preferred, appropriate seals for tempera-

ture range needed
Furnaces 300–1873 Discussion with a local scientist is needed
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few samples are deuterated for measurement on BT-1. Rietveld
quality data have been taken on materials that are on the order
of 50 atom-% hydrogen on BT-1, making the diffractometer
comparable with other monochromatic instruments.[82]

The range of sample environments that control temperature
on BT-1 is given in Table 1. Several of these can be used with
other ancillary equipment such as gas dosing (to 300 bar), ap-
plication of electric field for closed-cycle refrigerators (CCRs), or
application of isotropic gas pressure to 12 kbar with top-load-
ing CCRs or helium-flow cryostats. Of interest to magnetic sys-
tems is the 7-T vertical-field magnet that can operate with a
top-loading CCR and a He-3 dipper to reach 300 mK. Given
compatibilities of stray fields and temperature controlling
equipment, the use of a 10-T or 11.5-T magnet is needed for
the dilution refrigerator inserts to allow sample temperatures
to reach 50 mK, but the maximum fields are limited to 4 T.

Powder diffraction is one of the workhorse techniques, as it
is fundamental to understand the arrangements of atoms in
materials and how functions of the materials is derived from
the structure. The BT-1 powder diffractometer contributes data
for about 30–40 publications each year. The data from this in-
strument have played an important role in understanding the
structures of MOFs with interesting structural and mechanical
features,[83] and their gas adsorption and separations proper-
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ties. From single-component adsorption of industrially impor-
tant small molecules such as water,[84] CO2,[85] methane,[86] acet-
ylene,[87] noble gases,[88] Cl2 and Br2,[89] and O2

[90] to combina-
tions of these and other gases for separations processes.[91]

From 2005[92] to mid-2018, there have been significant progress
and understanding of how H2 binds to MOFs,[93] and how the
strong attraction of H2 to an open metal site[94] can lead to
increases in both the H2 loading at temperatures above 77 K,[95]

and the density of the adsorbed H2.[96] Of importance to the
practical operations of H2 in a storage tank for vehicular use is
to increase the storage capacity at temperatures approaching
room temperature. One potential method is by overcoming the
limitation of having only one H2 molecule bind to each metal
in these MOFs. Recently, a proof-of-principle example demon-
strated that this concept is indeed possible.[97] Combining a
thiolated dsbdc4– ligand (dsbdc4– = 2,5-disulfido-1,4-benzenedi-
carboxylate) and Mn2+ ions produces a porosity that is similar
to the MOF-74 series which is based on the dobdc4– ligand
(dobdc4– = 2,5-dioxy-1,4-benzenedicarboxylate) (Figure 11), but
with important structural differences. In Mn2(dsbdc), two differ-
ent octahedral metal centers alternate down the helical chains
parallel to the pore direction. One Mn2+ ion is ligated to 6 at-
oms from the framework and the other is ligated by 4 atoms
with 2 solvents. Removal of the solvents yields a MOF with two
potential adsorption sites on the same metal ion.

Figure 11. (a) The 1-D pore structure of activated Mn2(dsbdc); S (yellow), C
(green), O (red). (b) Local coordination around the two distinct Mn2+ ions
(green) showing the closed octahedral coordination of one Mn2+ ion and the
four-coordinate Mn2+ ion. (c) Binding of two D2 molecules obtained from
neutron powder diffraction. (d) and (e) show that CH4 and CO2 can also bind
in the same coordination mode and identified through synchrotron X-ray
powder diffraction. Reproduced from ref. 97 with permission from The Royal
Society of Chemistry.

Coordination polymers have also been of interest due to
their magnetic characteristics. Since neutrons are sensitive to
the arrangement of magnetic moments and their dynamics in
a material, the average magnetic structure can be determined
by powder diffraction.[98] Using BT-1, several magnetic struc-
tures have been determined for coordination polymers exhibit-
ing long-range antiferromagnetism.[99] Since these magnetic
moments are usually small, the effort to deuterate, or partially
deuterate, these samples and to couple them with inelastic
neutron scattering (INS) experiments to discern about the spin
interactions, often pays dividends in improving signal to noise.
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Further, BT-1 is not optimized for weak magnetic scattering (un-
der ca. 0.5 μB) or for scanning individual Bragg peaks as a func-
tion of temperature or field to obtain the order parameter for
the magnetic phase transition. As such a high-flux triple-axis
instrument equipped with a position sensitive detector (PSD)
such as BT-7 at NIST,[100] is more efficient even if it is perhaps
more appropriately, or commonly used, for measuring single
crystals such as multiferroics.[101] The resulting diffraction pat-
terns are coarser than BT-1, but the approximately 20 times
increase in count rate is much more efficient. Some clear exam-
ples where BT-1 and BT-7 were used to obtain the full picture
of structures and order parameters are from work on the iron-
arsenic superconductors,[102] and magnetostrictive Laves pha-
ses.[103]

3.3. POWDER (also known as HB-2A) at ORNL

The HB-2A neutron powder diffractometer at HFIR[68] is prima-
rily utilized for magnetic structure determination, with an em-
phasis on ultra-low temperatures combined with high magnetic
field or pressure. As such, the instrument design offers a bal-
ance of good Q-resolution while still maintaining much of the
high intensity flux from the HB-2 beam port.[68b] The constant
wavelength is selected with a germanium monochromator. Two
principle wavelengths are utilized. The longer 2.41 Å (Ge 113)
wavelength offers access to lower Q (Qrange = 0.2–5.1 Å–1) and
improved background and resolution for magnetic structure
studies compared those using the shorter wavelength. The
shorter 1.54 Å (Ge 115) wavelength gives a wider Q coverage
(Qrange = 0.35–8 Å–1), to allow more detailed crystal structure
refinements. The layout of HB-2A follows a Debye–Scherrer ge-
ometry with a detector bank with a full detector coverage of
ca 150°. Typical sample masses of 5 grams (or 1 cm3) and above
make optimum use of the large beam size of 60 × 20 mm2 at
sample. However, measurements on smaller samples are rou-
tinely performed with longer counting times. The counting
times to achieve Rietveld quality data vary between samples
but can generally be achieved under an hour. Timescales for
magnetic measurements range from under an hour up to 12
hours on small samples with weak or diffuse magnetic signals.
To further complement magnetic studies, HB-2A has imple-
mented a polarized incident neutron beam option offering ex-
treme sensitivity to small magnetic signals (< 0.1 μB) in powder
materials with ferromagnetic or ferrimagnetic components to
the moment.[104]

HB-2A has an impressive variety of sample environments to
access the required temperature, magnetic field, and pressure
phase diagrams. The open instrument layout, combined with
the well understood and flat background from the monochro-
matic beam, allows for the easy switching between the different
sample environments. Sample environments include ultra-low
temperature measurements in dilution (50 mK) and 3He
(280 mK) inserts, applied magnetic fields (6 T), and pressure
cells (19 kbar, with an available cylindrical sample space of
10 mm diameter and 25 mm height) that are routinely per-
formed along with traditional cryostats (1.5 K) and air or vac-
uum furnaces (up to 1800 K). Room temperature measurements
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on multiple samples can be performed with a 6-carousel sam-
ple changer. A 3-sample stick has recently been implemented
into the orange cryostat (1.5–300 K), with similar capabilities for
other sample environments under development.

HB-2A is a workhorse powder diffractometer covering di-
verse science areas with the core focused on the investigation
of magnetic structures. The detailed analysis of complex mag-
netic structures often requires advanced techniques, such as
representational analysis or magnetic symmetry techniques.
General examples include quantum critical phenomena,[105]

magnetism in multiferroic materials,[106] low-dimensional mag-
netism,[107] strongly correlated materials with large spin-orbit
interactions and coupling between magnetism and lattice or
electronic conduction,[108] and thermoelectric materials.[109]

In terms of coordination chemistry, HB-2A has been utilized
primarily to access the magnetic structures of the com-
pounds.[110] Hydrogen atom is a strong incoherent scatter for
neutrons and therefore adds a large background to measure-
ments of hydrogen-continuing compounds, which has to be
considered when dealing with often small signals from mag-
netic scattering. To mitigate this, deuteration is often necessary
to remove the background. Nevertheless, several measurements
of materials with high hydrogen content have been successfully

Figure 12. Neutron powder diffraction and magnetic structure of Co3(OOCH)5Cl(OH2) measured on HB-2A.[110a] (A) Diffraction patterns taken at 10 K and 1.5 K
show additional magnetic reflections at 1.5 K. Inset: Order parameter for the (1,0, 1̄,0) reflection, compared to the temperature dependence of the magnetic
susceptibility. (B) Rietveld refinement of the 1.5 K data. Tick marks show the nuclear (black) and magnetic (blue) reflections. Despite the high sloping
background from the large hydrogen content the structural refinement and magnetic signal are well defined. (C) General view of the magnetic structure
viewed along [0001] with intrachain formates and non-water hydrogens omitted for clarity. (D) Side view along [1 1 2̄ 0] showing only the metal atoms. (E)
Diagram showing the net magnetic moment of each chain and interchain connectivity. Reproduced with permission from ref. 110a. Copyright 2017 American
Chemical Society.
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performed on HB-2A, with the example below (Figure 12), one
such case of a compound with high hydrogen content.

Neutron diffraction is the principle tool for determining mag-
netic structures since it gives access to the direction and size
of magnetic moments and their periodic ordering in the lattice.
This is typically done using an apolarized neutron beam in the
same manner as crystal structure determination, with measure-
ments taken in the unordered paramagnetic regime and then
at lower temperature (or altered field, pressure) in the ordered
regime to observe the magnetic Bragg peaks indicative of long
range order. However, a notable counter example using polar-
ized neutron diffraction can be found in the study of the Prus-
sian blue analog coordination polymer.[110c] Polarizing the inci-
dent beam and then controlling the direction of an applied
field allows highly sensitive access to ferromagnetic and ferri-
magnetic ordering.[104] Extra counting times are often required
since producing the polarized beam necessarily reduces the
flux.

Designs through coordination chemistry have led to low-di-
mensional magnetic systems by suitable control of the 3D crys-
tal structure to include well isolated one-dimensional (1D)
chains or two-dimensional (2D) layers.[110a] The further intro-
duction and control of high magnetic anisotropy or multiferro-
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icity, for example, can then lead to potentially useful applied
physical properties. A series of such chiral, polar topological
ferrimagnets have been investigated on HB-2A (Figure 12).
These compounds M3(OOCH)5Cl(OH2) [M = FeII, CoII, NiII] are
composed of 1D chains that are twisted into helices.[110a] The
magnetic structure was determined using variable-temperature
(VT) neutron powder diffraction on HB-2A, indicating that the
moments are aligned in the same direction as the polarity of
the helical chains. The results suggest that these materials could
be potential multiferroics.

Powder diffraction instruments are prevalent in all the neu-
tron sources in the world and tend to be workhorse instruments
for structural characterization. In addition to POWGEN, most of
the diffractometers at other spallation sources like ISIS in the
UK and JPARC in Japan have more traditional design where
multiple histograms are produced based on resolution focusing.
Examples include HRPD,[111] GEM,[112] Polaris[113] and WISH[114]

at ISIS (UK), SuperHRPD,[115] SPICA[116] and iMATERIA[117] at
J-PARC (Japan). There are 3 powder diffractometers at ILL in
France (D1B,[118] D2B[119] and D20[120]), two in Budapest Neu-
tron Centre (PSD[121] and TOF-ND[122]), while the Australian reac-
tor (ANSTO) is home for Echidna[123] and WOMBAT.[124] The in-
strument design and operation of BT-1 at NIST, HB-2A at HFIR,
ORNL and D2B at ILL (France) are similar with a bank of sepa-
rated 3He detectors. They are also comparable to reactor-based
diffractometers with position-sensitive detectors such as D20 at
the ILL and ECHIDNA and WOMBAT at ANSTO (Australia). This
is by no means an exhaustive list of neutron powder diffractom-
eters around the world but are some samplings of beam-
lines that have similar science portfolio as POWGEN, BT-1 and
HB-2A.

4. Inelastic Neutron Scattering (INS)
Spectrometers
Indirect-geometry INS spectrometer VISION[30a] is discussed
first. Direct-geometry INS spectrometers to be presented next
are CNCS,[25] DCS,[27] and SEQUOIA.[26] CNCS and DCS are simi-
lar in that both are cold neutron (i.e., low energy) spectrometers
which are especially designed to probe small energy excita-
tions. SEQUOIA, in comparison, is designed to probe larger en-
ergy excitations. MACS with characteristics of a triple-axis in-
strument is discussed last.

4.1. VISION at ORNL

Vibrational Spectrometer (VISION) is designed for neutron vi-
brational spectroscopy.[30a] It has also been used to probe
magnetic transitions. The instrument dynamic range is ca.
0–8,000 cm–1 with resolution of (ΔE/Ei =) 1.5% of the incident
neutron energy at > 40 cm–1. The analyzers are arranged in two
groups for forward (low Q) and backward (high Q) scattering
(Scheme 3-Right).

Vibrational spectroscopy is an analytical technique to probe
molecular structures, chemical bonding, and intermolecular in-
teractions. IR and Raman spectroscopy have been widely used
to study molecular vibrations. VISION uses neutrons rather than
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photons to investigate molecular vibrations. As indicated earlier,
this approach has several advantages over optical spectroscopy
such as IR and Raman, including high sensitivity to hydrogen,
absence of selection rules that govern IR and Raman spectro-
scopy, ease of computation of the vibrational spectrum, iso-
topic sensitivity, no energy deposition in sample, and high neu-
tron penetrability through bulky sample environment.[1d,30b]

The science performed on VISION is diverse.[125] The spec-
trometer is particularly efficient at exploiting the large incoher-
ent cross section of hydrogen atoms. Studies of hydrogenous
materials are therefore a popular topic at VISION, including wa-
ter in confinement, hydrogen bonding, hydrogen storage, basic
organic chemistry, catalysis and surface chemistry, polymers,
batteries and fuel cells, porous materials, hydrous minerals,
complex hydrides, proton conductors, and ligand dynamics in
organometallic compounds.[30b,126] Non-hydrogenous materials
are also studied thanks to the high neutron flux at SNS and the
optimized instrument geometry. Neutrons exchange momen-
tum with a sample. In view of the instrument configuration, the
entire Brillouin zone of a solid is sampled during an experiment.
The result is a density of states averaged over the Brillouin zone
in contrast to optical spectrum, which produces a vibrational
spectrum at the Γ point of the Brillouin zone only. The density
of states thus obtained can be used in the evaluation of the
lattice dynamics contribution to thermodynamic quantities
such as entropy or specific heat.

The simplicity of the neutron–nucleus interaction permits
the quantitative (mode frequencies and intensities) computa-
tion of the neutron vibrational spectrum with ab initio elec-
tronic structure methods. The output of these calculations can
be directly and quantitatively compared to the experimental
vibrational spectra.[127] This comparison is a far more stringent
test of the validity of a computation or computational method
than a comparison with the predicted structure. The phonon
density of states (measured and calculated) is also the main
ingredient needed in determining a number of thermodynamic
properties. The scattering intensity measured with INS is pro-
portional to the Vibrational Density of States (VDOS) of the
solid, uniformly averaged over the first Brillouin zone. As users
perform experiments of increasing complexity, the use of com-
puter simulation is becoming an integral part of the data analy-
sis to enable and accelerate data interpretation and publication.
VISION runs its own, dedicated, medium-size computer cluster
for “on-the-fly” simulation of vibrational spectra with conven-
tional DFT, MD (molecular dynamics), and post-DFT methods.
This initiative, Virtual Experiments in Spectroscopy (VirtuES),
funded by Laboratory Directed Research and Development pro-
gram (LDRD project No. 7739), ORNL permits the timely analysis
and interpretation of neutron data. In some cases, the simula-
tions provide users with data interpretation in real time to
guide an experiment in progress at the beam line.

The VISION sample environments continue to be developed
to respond to user demand and reflect the diversity of the user
base. The most commonly used sample environment has been
the top-loading closed-cycle refrigerator (CCR). Other new sam-
ple environments have been developed to broaden capabilities.
These are discussed below.
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(a) CCR. 4 K cryocoolers allow users to cool samples, devices
and/or equipment without the inconvenience and expense of
liquid helium with two main advantages: rapid sample ex-
change while the refrigerator is operating and efficient cooling
for non-conductive or irregularly shaped samples not easily
clamped to a cold finger (e.g., powders, liquid solutions, etc.).
The sample is inserted, via a long stick, into a nearly isothermal
region of the gas column for cooling. Sample exchange by sim-
ply removing the sample rod, switching samples on the rod,
and reinserting the rod into the cryostat. The entire sequence
takes only a few minutes and is performed while the refrigera-
tor is operating. VISION has sticks for high pressure gas cells,
in-situ gas loading, high temperature, and optical and electrical
access to samples.
(b) Gas panel. The compact design and simple operation of the
gas panel make it easy to use, giving access to a variety of
gases, dosing volumes, high vacuum (10–6 mbar), pressure/vac-
uum gauges, and the Hot-Off Gas (HOG) system for safe vent-
ing. The gas manifold, rated to 200 bar of pressure, is used
heavily for in-situ gas loading in experiments involving porous
materials, surface chemistry or catalysis.
(c) Ortho/parahydrogen converter. The large scattering cross sec-
tion associated with the ortho to para rotational transition in
hydrogen is particularly useful to observe H2 and its interaction
with environment. Normal (room temperature) hydrogen is 25%
para-H2 and 75% ortho-H2. Catalytic conversion to 100% para-
H2 is possible at <20 K. VISION has a compact ortho/para con-
verter, a small pressure vessel containing CrII oxide catalyst and
cooled by a cold finger to 14 K, to provide para-H2. This equip-
ment is connected to the gas panel described above.
(d) Piston cells. The core of the pressure cell, with pressure up
to 20 kbar, is a Cu-Be alloy surrounded by Al. This cell, approxi-
mately 1 mL in volume, operates at low to room temperatures.
(e) Gas cells. Cu-Be and Al cells, rated for use up to 7 kbar, are
for H2 and gases other H2, respectively.

An example of the use of INS by VISION is studies of relation-
ships between vibrational dynamics and H2 release from
LiCa(AlH4)3 (Figure 13), showing, e.g., softening of the external
motion of [AlH4]– as an initial stage of the H2 release.[125h]

Figure 13. INS spectra of LiCa(AlH4)3 at 10–400 K. Reproduced from ref. 125h
with permission from The Royal Society of Chemistry.

Simultaneous diffraction and inelastic scattering is not a real-
ity at VISION yet but we expect this capability to develop and
expand. While VISION exploits the large incoherent cross sec-
tion of hydrogen atoms, powder neutron diffraction prefers the
deuteration of hydrogenous samples. This reduces inelastic data
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collection rates so that simultaneous diffraction/inelastic scat-
tering comes at a price.

VISION spectrometer can be compared with other indirect-
geometry INS spectrometers TOSCA[128] at ISIS (UK), NERA[129]

at FLNP (Russia), IN1-LAGRANGE[29] at ILL (France), and FANS[28b]

at NIST (US). The last two use monochromatic incident neutron
beam from a reactor (with variable Ei) and fixed energy of scat-
tered neutrons (Ef ≈ 32 cm–1).

4.2. CNCS at ORNL

CNCS is a versatile, direct-geometry TOF spectrometer.[25,130] It
has 400 two meters long position sensitive detectors covering
scattering angles from –50° to +135° in the scattering plane
and ±16° perpendicular to the scattering plane, that make it
possible to map the 4-D scattering function S(Q, ω) in large
portions of the reciprocal Q space and in the relevant energy-
transfer range. CNCS uses a coupled cold H2 moderator with a
peak brightness at ≈ 80 cm–1 neutron energy. The 35-m neutron
guide has a horizontally curved central part which efficiently
suppresses fast neutron background. The instrument provides
both good energy (δE/Ei = 1–3%) and momentum transfer reso-
lution for inelastic and quasielastic neutron scattering experi-
ments in the thermal and cold energy ranges (8–400 cm–1).
A large sample area allows hosting the wide range of sample
environments to get (a) low and ultralow temperatures down
to ≈ 50 mK; (b) high temperatures ≈ 1600 °C; (c) high magnetic
fields up to 11 T; (d) high pressures up to 25 kbar. All of these,
combined with the most powerful pulsed neutron source in the
world, make the spectrometer especially relevant to studying
the scientific questions addressed by inorganic chemistry such
as kinetics, energy-resolved quasi-elastic scattering, dynamic
properties of energy storage materials, low energy excitations
(magnetic and crystal lattice), molecular magnetism, and quan-
tum criticality. High performance software packages exist to re-
duce and scientifically analyze the data.[131]

CNCS has been in operation since May 2009 with more than
150 peer-reviewed user publications to date.[25] A good exam-
ple of the CNCS use in coordination/inorganic chemistry is the
determination of zero-field splitting (ZFS) parameter D of non-
deuterated metalloporphyrins Mn(TPP)Cl (discussed earlier in
Figure 3),[6g] Fe(TPP)X [X = F, Cl (Figure 5),[6g] Br, and I],[6h] and
Mn(TPP).[6g] INS spectra of Mn(TPP) are given in Figure 14.
There is a significant debate regarding the strategy for the de-
sign and synthesis of single-ion magnets (SIMs).[132] To ration-
ally design SIMs, key factors dictating the sign and magnitude
of D values in metal complexes need to be identified. In these
studies, INS data provided a rare, complete determination of
ZFS parameters in a non-deuterated metalloporphyrin se-
ries.[6g,6h]

The instruments that provide low-incident neutron energies
are widely used in many areas of solid and soft matter physics,
chemistry and biology. Therefore, many pulsed as well as con-
tinuous neutron facilities around the world host similar instru-
ments, such as IN5[133] at ILL (France), LET[134] at ISIS (UK), DCS
at NIST (US) which is discussed below, TOFTOF at MLZ (Ger-
many),[135] NEAT[136] at HZB (Germany), AMATERAS[137] at J-PARC
(Japan), and PELICAN at ANSTO (Australia).[138]
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Figure 14. (Left) Mn(TPP) and its ZFS when its D > 0. (Middle) INS spectra of Mn(TPP). (Right) Calculated INS spectra of an S = 5/2 spin system with
D = 0.785 cm–1. Reproduced with permission from ref. 6g. Copyright 2014 American Chemical Society.

4.3. DCS at NIST

DCS is a pulsed TOF spectrometer on a guide emanating from
the cold H2 source out of the NIST reactor.[27,139] An array of
choppers define the wavelength, neutron packet size, and pulse
rate onto the sample. The sample is in a large chamber that
can accommodate both 10-T and 11.5-T magnets covering tem-
perature ranges from 50 mK to > 300 K. The 3He detectors cover
scattering angles of –30° to 140°. Several parameters can be
tuned so that the slowst neutrons from one pulse do not over-
lap with the fastest neutrons from a following pulse. Tools in
the NIST free software package, DAVE,[140] allow one to quickly
gauge the incident neutron intensity and resolution or fine tune
the settings and see the effects on the Q-range, energy-transfer
range, and elastic-resolution.

DCS is a versatile spectrometer that allows all suitable combi-
nations of sample environment capabilities listed in Table 1 to
be used along with the 11.5-T and 10-T magnets. The wide
angular coverage makes it an excellent survey instrument when
searching for low energy (around 8 cm–1) magnetic or dynamic
features in new materials. The excellent background makes it
quite responsive even for very weak scattering systems, such as
small moment magnetic fluctuations. For MOFs, it has been
used to probe the dynamical response of jump-rotation of pyr-
azine rings in an inter-penetrated coordination framework,[141]

identified the existence of a temperature induced “breathing”
for the pores in an MOF (MIL-53) through a change in low en-
ergy phonons,[83c] and detailed the orientation potential of the
methyl groups in a zeolitic imidazolate framework (ZIF).[142]

While DCS-style instruments are excellent at determining dif-
fusional time-scales and length-scales for adsorbed species,[143]

there has been relatively few applications of DCS towards this
goal in coordination polymer systems. Exceptions are the moni-
toring of the Q dependence of rotational lines for adsorbed
H2,[144] and the characterization of the liquid-like diffusion of
the individual H2 molecules in the pores of the MOFs Mg-
MOF74[145] and MIL-53.[93a] On the atomic scale, the Grotthuss
proton hopping mechanism in a new type of crystalline proton
conductor composed of ammonium in a bridges zinc oxalate
coordination polymer was characterized.[146]
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For molecular magnets[147] and low-dimensional magnetism
of coordination polymers,[148] DCS has contributed extensively.
Notably, it was used to illustrate that field dependent excitation
energies agreed with the theory for the breather and soliton
solutions to the quantum sine-Gordon model which is a pro-
posed low energy theory for S = 1/2 chains in a staggered field
measured at 40 mK and up to 11 T.[149] Aditional insights were
gained from determination of the scaling relations of a Heisen-
berg S = 1/2 chain under 0 T and 7.5 T fields at 85 mK as
established for a 2(1,4-dioxane)·2(H2O)·CuCl2 polymer by Zhelu-
dev et al.[150]

4.4. SEQUOIA at ORNL

SEQUOIA is also a direct-geometry TOF spectrometer with varia-
ble energies of incident neutrons from 32 to 16,000 cm–1. The
energies of incident neutrons are larger than those of CNCS or
DCS.[151] Long sample-to-detector flight path (≥ 5.5 m) provides
good wave-vector and energy resolution of (ΔE/Ei =) 1.5–5% at
the elastic line and up to twice better at higher energy transfer.
The entire secondary flight path of the spectrometer, from the
sample to the detectors, is evacuated to a level of better than
10–6 mbar, resulting in low background data. The detector array
covers –30° to 60° in the horizontal plane and ±18° in the verti-
cal directions, thus providing a wide range of momentum trans-
fer. The collected neutron scattering data are transformed from
time-of-flight and instrument coordinates to the dynamical
structure factor S(Q,E). Therefore, the spectrometer can be suc-
cessfully used for measurements of excitations having vibra-
tional, tunneling, or magnetic origin. The INS experiments can
be done on powder/polycrystalline and single-crystal samples.
Measurements using powder/polycrystalline samples have re-
vealed many important properties such as the density of the
vibrational states,[152] tunneling,[153] and crystal field splittings
of the ground state.[154] Single-crystal samples have given the
dispersion of the excitations in the crystal inverse space.[155]

One example is the use of INS by SEQUOIA to probe urea
interaction within a titanium carbide-based MXene Ti3C2Tz (Tz =
termination group OH–, F–, or O2–).[152b] The 2-D materials
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MXenes may be intercalated for applications such as electro-
chemical energy storage, water purification, and sensing. The
interactions between the intercalant, such as urea, and MXene
itself, are, however, not well understood. INS has been used to
study the interactions, revealing that urea is destabilized by
2-D materials to decompose to NH4

+ cations which are interca-
lated in the MXenes. The Ti–urea complex, Ti(urea)6I3, and its
INS spectra were used for comparison. One set of INS spectra
are given in Figure 15, showing the regions dominated by NH2

deformation and rocking modes and by the C–N stretching
modes. Because of the high H neutron scattering cross section,
the INS spectra are dominated by features involving H vibra-
tions in the materials.[152b] In comparison, the neutron scatter-
ing cross sections of C and O atoms are small. Thus, the CO
stretch near 1681 cm–1 is not observed (or it is buried in the
shoulder of the much stronger NH2 modes) in the INS spectra
of urea [or 1636 cm–1 for Ti(urea)6I3], although this CO stretch
is strong in the IR spectra of urea and Ti(urea)6I3. The 1460 and
1690 cm–1 peaks in u-MX and u-MX dried in Figure 15, which
are not observed in the INS spectra of urea and Ti(urea)6I3, are
assigned to the modes of NH4

+ ions.[152b]

Instruments similar to SEQUOIA include ARCS[156] at SNS,
ORNL, USA which has larger neutron flux and coarse energy
resolution than SEQUOIA, HYSPEC[157] also at SNS which can do
polarization analysis and uses Ei < 484 cm–1, three spectrome-
ters MERLIN,[158] MAPS[159] and MARI[160] in the UK, and 4SEA-
SONS[161] in Japan which has lower energy resolution and
Ei < 2420 cm–1.

Figure 16. (Left) The proposed 2D coupled two-leg ladder structure of DLCB with the ladder chain extending along the b axis. Red, blue and orange lines
indicate the intraladder couplings Jrung, Jleg, and interladder coupling Jint, respectively. Black arrows indicate the canted spin structure in an external magnetic
field applied along the [1 1̄ 0] direction in the real space. (Right) Examples of INS results. False-color maps of the excitation spectra at 0 and 4 T as a function
of energy and wave-vector transfer along the (H, H, –0.5) direction measured at T = 0.1 K. (r.l.u. = reciprocal lattice unit). Circle points represent the position
of maximum intensity at each wave-vector. The white arrow indicates renormalization of the high-energy mode (TMhigh). Red and yellow lines are the linear
spin-wave theory calculations of the acoustic TMhigh and TMlow (low-energy mode) one-magnon dispersion, respectively. Grey lines are the calculated lower
boundary of the two-magnon continuum.[164] Modified from figures in ref. 164. Copyright (2017) The Authors.
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Figure 15. INS spectra of urea, Ti(urea)3I3, MX, u-MX and u-MX dried at 6 K
(incident Ei = 2,016 cm–1). Reproduced with permission from ref. 152b. Copy-
right 2018 American Chemical Society.

4.5. MACS at NIST

MACS is an instrument complementary to DCS in many ways
but with characteristics of a triple-axis instrument.[31a] It is of
particular use for studying fundamental interactions of spins in
quantum materials and condensed matter systems. A further
capability of interest to these communities is the wide-angle
polarization analysis capability.[162] The polarized flux is as high
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as 3 × 107 n/cm2/s at ca. 30 cm–1 and 1 × 108 n/cm2/s at
80 cm–1.

Using both MACS and DCS, Hong et al., characterized the
coupling in a two-leg spin ladder system which is an S =
1/2 quantum antiferromagnet with an ordering temperature of
ca. 2 K, coexisting with a spin energy gap due to a small Ising
anisotropy.[163] Further studies in crystals of (dimethylammo-
nium)(3,5-dimethylpyridinium)CuBr4 (DLCB) provided experi-
mental evidence of field-induced spontaneous magnon de-
cay.[164] The proposed 2D coupled two-leg ladder structure of
DLCB is given in Figure 16 left, showing the intraladder cou-
plings Jrung, Jleg and interladder coupling Jint.[164] The two false-
color maps of the background-subtracted spin-wave spectra in
Figure 16 right are examples of INS results in an external mag-
netic field from MACS, showing the observed spin gapped
magnetic excitation spectra at 0 T and a renormalization of one-
magnon dispersion at 4 T.

Further analysis of the spin Hamiltonian indicates that DLCB
is close to a quantum critical point and could exhibit a Higgs
amplitude mode close in energy to the dominant transverse
Nambu–Goldstone modes. Polarized inelastic neutron scatter-
ing measurements at MACS on 3.5 g of co-aligned single crys-
tals allowed for the separation of the distribution of the longitu-
dinal/Higgs amplitude modes compared to the transverse
modes, a condensed matter physics analogy to the massless
Higgs Boson.[165]

Triple-axis spectrometers are fairly common and are available
in many neutron facilities. Since they are rarely used in the
study of H-containing materials, the reader is encouraged to
visit the websites of the neutron facilities if such needs arise.

5. Quasielastic Neutron Scattering (QENS)
Spectrometers
There are two inverted-geometry backscattering spectrometers
available to the user community in the USA. They have a similar
operating principle, but different characteristics that makes
them complementary to each other for many cases of studying
complex dynamics that occur over many times scales, as shown
below. Backscattering spectroscopy is based on the fact that
the wavelength spread, δλ, of a Bragg-diffracted neutron beam
decreases as the scattering angle, 2θ, approaches 180°. We will
discuss some of the salient features of BASIS (ORNL)[166] and
HFBS (NIST)[34] that indicate why one would choose either in-
strument and why they complement each other.

5.1. BASIS at ORNL

BASIS, neutron backscattering spectrometer at SNS, ORNL is the
primary QENS-dedicated neutron spectrometer. The most dis-
tinguishing feature of BASIS[166] is its fine energy resolution (full
width at half maximum of 0.03 cm–1 or better, depending on
the sample dimensions). QENS signal of such width corresponds
to the microscopic motions on ca. 0.4 ns time scale. At the same
time, BASIS features a broad range of accessible neutron energy
transfers, from 0.8 cm–1 to 1.6 cm–1 to 4.0 cm–1, depending on
the chosen configuration, which translates into ca. 6 ps, 3 ps,
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and 1 ps, respectively. Thus, BASIS customarily probes micro-
scopic motions on the ps to ns time scale, which are typically
associated with diffusion- or relaxation-type dynamics. Because
the momentum transfers accessible on BASIS (0.2 to 2.0 Å–1)
are commensurate with the inter-atomic and intermolecular dis-
tances in condensed matter systems, the information on not
only the temporal, but also the spatial, characteristics of the
microscopic motions can be deduced from analysis of the mo-
mentum transfer dependence of the scattering signal. Such in-
formation is typically accessible only from molecular dynamics
(MD) simulations, but not experimental techniques other than
QENS. A combination of the fine energy resolution and a broad
range of accessible energy transfers oftentimes allows simulta-
neous analysis of several dynamics components in the sample.
As most samples studied at BASIS are hydrogen-bearing, the
QENS signal from such samples is dominated by the strong
incoherent scattering by H atoms, linked to single-particle,
rather than inter-particle, motions. The neutron scattering cross-
sections, either coherent or incoherent, for elements other than
hydrogen are much smaller. This applies to deuterium as well.
For this reason, partial deuteration of the sample can be used
to make the deuterated species relatively “invisible” compared
to their protonated counterparts. Many BASIS experiments in-
volve QENS measurements at several chosen temperatures to
make an Arrhenius plot of the dynamic parameters such as dif-
fusivity or residence time between diffusion jump and obtain
activation energies, besides the information on the geometry
of the motions probed. Typical BASIS samples have a few milli-
moles of hydrogen. The lower limit is determined by the count-
ing statistics required, whereas the upper limit is chosen to min-
imize the effects of neutron multiple scattering in the sample
that could compromise the data quality. Thus, typical sample
geometry is either of a thin annulus, or a thin flat plate, approxi-
mately commensurate in size with the incident beam of
3 cm × 3 cm dimensions. With a few hours of measurements
per temperature point, a typical experiment on several samples
might require a total of a few days.

BASIS has been employed in studies of diffusion- and relaxa-
tion-type dynamics in molecular metal oxide clusters. For exam-
ple, the cluster with butyric acid [MoVI

72MoV
60O372(C3H7COO)24-

(H2O)84]36– as internal ligands, was selected as a representative
model system to study the microscopic ligand dynamics.[167]

The choice of such clusters was driven by (1) the bulkiness and
close contact of ligands with neighboring molecules and (2)
the presence of void space in the internal cluster area possibly
suitable for encapsulation of guest molecules. The entering of
guest molecules through the pores into the center void space
of the clusters would be highly dependent on the ligand's flexi-
bility, which, in turn, is cloosely linked to their motions. Along
with complementary INS measurements, QENS measurements
have demonstrated that the cluster internal ligands are quite
rigid, in contrast with the softness of regular alkyl tails in non-
confined state. A cartoon of the motions, which can be quanti-
fied from QENS spectra measured at BASIS, is given in
Figure 17-Left. Examples of the QENS spectra are given in Fig-
ure 17-Right. Such motions include <u2>, mean-squared dis-
placements of H atoms, a, spatial range of the translational mo-
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Figure 17. (Left) Important quantities in the QENS analysis of the cluster, including the displacement of the H atom in the time window of the QENS instrument
and spatial range of the translational motion of the C atom. The cartoon shows how fast the rotational relaxation of the methyl or methylene group is.
Reproduced from ref. 167. (Right) QENS spectra of the cluster at 295 K.

tion of the C atom, and Dr, rotational diffusivity of methyl/meth-
ylene group. It was concluded that the stiffness of the cluster
internal ligands can modify the encapsulation properties by dis-
playing hard selection against the size of guest molecules,
which has profound implications for catalytic properties of the
clusters.

In another study on BASIS, dynamics of water molecules in
the internal space of gigantic core-shell polyoxometalates
(POMs) was probed.[125g] Classic core-shell POMs Na6-
[SiMoVI

12O40@MoVI
68MoV

4FeIII
30O252(CH3CO2)16(H2O)100] were

chosen for this study. Again, along with complementary INS
experiments, QENS experiments have demonstrated that both
structural and disordered water molecules are confined in the
internal space between the core and the shell. Both types of
water molecules play a vital role in the template synthetic reac-
tion that produces POMs. In particular, they are responsible for
centering of the cores and core-shell bridging, thereby leading
to the stabilization of the core-shell structure. This finding is
essential for development of applications of POMs in catalysis
and as major building blocks in supramolecular science.

5.2. HFBS at NIST

HFBS is one of the highest intensity backscattering spectrome-
ters using neutrons from a reactor source.[34] After diffracting
from a Doppler-monochromator, the neutrons are scattered by
the sample, backscattered by analyzers, pass back through the
sample again, and finally arrive at the detectors. When prepar-
ing samples, care must be taken in adjusting the sample
amount in the beam (3 cm × 3 cm) to account for the neutrons
passing twice through the sample and increasing the probabil-
ity of having multiple scattering events. The instrument can be
run in two modes: (a) Stationary Doppler. The instrument
records the intensity within the elastic resolution in this “fixed
window mode”; (b) Doppler moving at one of several frequen-
cies. This mode gives rise to a variable dynamic range that also
alters the elastic resolution. The fixed window mode is ideal for
parametric studies (usually as a function of temperature includ-
ing mK, though other parameters are possible but not an exter-
nal magnetic field). It essentially identifies the onset of any dy-
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namics that removes intensity from the elastic line and gives
insight into where dynamic transitions occur and the potential
timescales that any QENS would be observable. This mode opti-
mizes time spent in the dynamic mode on HFBS and can indi-
cate if the dynamics is likely to be too fast and whether a TOF
spectrometer would possibly be a more appropriate spectrome-
ter for the QENS measurements. The resolution of HFBS is the
best in the USA, but with a restricted dynamic range compared
to BASIS. At a dynamic range of ±0.242 cm–1, the full-width at
half-maximum resolution is 0.0075 cm–1.

An example illustrating the range of capabilities of HFBS is
the study of the interpenetrated coordination network
Mn[N(CN)2]2·pyrazine, which is comprised of layers of almost
square planar sheets of Mn–NCNCN-Mn linkages bridged by
pyrazine ligands that are coordinated through nitrogen bonds
to the MnII centers. At low temperatures, the system is antiferro-
magnetic, but at > 220 K, the framework becomes dynamic
while the analogous CuII compound does not.[141] A further dy-
namic transition is evident at around 400 K (Figure 18). The
dynamic scans between 250 K and 400 K are used to follow the
Q-dependence of the QENS signal. This unambiguously shows
that the pyrazines have an activation energy of 24 ± 2 kJ mol–1,
for performing 2-fold jumps which were the fastest recorded in
a solid matrix. Correlation times obtained from the QENS widths
varied from ca. 17 ns to 1.9 ± 1 ns upon increasing the tempera-
ture from 250 K to 400 K. An abrupt decrease in timescale from
1.9 ns to 70 ps between 400 K and 425 K coincides with a phase
transition at 408 K and requires a TOF instrument to measure.

Neutron backscattering spectrometers at facilities around the
world include IN16B[168] at ILL (France), IRIS[169] and OSIRIS[170]

both at ISIS (UK), SPHERES[171] at MLZ (Germany), DNA[172] at
J-PARC (Japan), and EMU[173] at ANSTO (Australia). In addition,
direct-geometry TOF instruments are also capable of measuring
QENS spectra in the ps-time scale.

It is the hope of the authors that this minireview of neutron
instruments relevant to research in coordination chemistry will
help the reader to see potential use of the neutron scatterings
in her/his own studies. In addition, with a list of the major in-
struments and their websites in one review, it would be easier
for the reader to quickly find a particular instrument for the
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Figure 18. (Left) The dynamics of the H-containing pyrazine ligand in Mn[N(CN)2]2·pyrazine leads to an increase in the mean-squared displacement value over
that of the more rigid CuII polymorph. (Right) Temperature dependence of the scattering law for Mn[N(CN)2]2(pyrazine), emphasizing the growth of the QENS
signal on HFBS. There is an increase in intensity of the quasielastic component as the temperature is raised to 400 K. Reproduced with permission from ref.
141. Copyright 2002 American Chemical Society.

studies. With the expansion of the number of neutron instru-
ments and the intense neutron flux provided by the spallation
facilities such as SNS, China Spallation Neutron Source, and Eu-
ropean Spallation Source under construction, more people are
expected to use the unique features of neutron scatterings in
their research.
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