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Abstract

Neutron scattering is a well established technique that has proven to be an invaluable tool in myriad
fields of chemical and physical research. Neutrons offer unique ways to study in-situ or operando functional
materials due to their highly penetrating nature and specific interactions with the nuclei of different iso-
topes. While some neutron scattering techniques, such as neutron diffraction (ND), neutron reflectometry
(NR), and small-angle neutron scattering (SANS), have already been heavily adopted by the scientific
community for use in the research of organic electronics, there are a number of techniques that are far less
widely used; spectroscopic neutron scattering. This article aims to highlight these “under-utilised” tech-
niques, to emphasise their potential use within the field of organic electronics, and to increase awareness
of their utility among new research communities.

1 Introduction

Neutrons are a powerful probe for the chemical and
physical properties of materials. [1, 2] In a neutron
scattering experiment, the intensity of scattered
neutrons is measured as a function of scattering
angle after interaction with the sample of interest.
This interaction can be either inelastic or elastic;
with or without the exchange of energy between
the neutron and the sample respectively. In very
broad terms, elastic scattering of neutrons provides
information regarding the structure of a sample
whereas inelastic scattering provides information
regarding the motions of atoms or groups of atoms
within a sample.

Both X-ray diffraction and neutron diffraction
(ND) are ubiquitous and their discussion is out of
the scope of this article. Neutron reflectometry
(NR) and small-angle neutron scattering (SANS)
are two neutron scattering techniques that have
already become quite well-adopted by the organic
electronics research community. Many organic
electronic devices comprise a stacked structure with
numerous layers that have thicknesses appropriate
to study with NR. Other common features of
organic electronics are blends of two or more com-

ponents, self-assembly, and nano-scale structures
of separated phases. SANS offers a convenient
probe into the size, shape, and composition of such
structures.

All of the neutron scattering methods mentioned
above are used exclusively to obtain structural
information about the sample in question. In
contrast, and complimentary to these structural
methods, molecular spectroscopy with neutrons
is well-established in the broader literature as
a method to obtain information regarding the
dynamics of a system. [3, 4] The most common
neutron spectroscopy techniques are inelastic
neutron scattering (INS) and quasielastic neutron
scattering (QENS). INS is used to study vibrational
spectra and QENS is used to examine molecular
motion and diffusion. Structural techniques such
as ND, NR, and SANS are well established in the
field of organic electronics whereas spectroscopic
measurements are significantly less well represented.

1.1 Neutron spectroscopy

Neutron spectroscopy has a number of key features
or properties that make it unique among other
spectroscopic methods. Key property 1 is that
unlike photons, which primarily interact with
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electrons, neutrons interact with the nucleus of an
atom. Different elements and isotopes can have
dramatically different neutron scattering powers
and the intensity of the spectroscopic response is
directly proportional to the scattering power of the
atoms involved. [5] This means that light atoms
can be examined in the presence of heavy ones and
isotopic labelling can offer a handle to improve
contrast.

Following on from this, key property 2 is that the
well documented scattering powers of atoms means
that neutron scattering spectra are relatively simple
to simulate and predict. This means the techniques
are ideal either as methods of validating theoretical
models or, conversely, theoretical modelling can be
utilised in order to more fully elucidate the meas-
ured data. It is important to note, however, that
simulations involving highly disordered or amorph-
ous materials can require approximations, such as
isolated molecule calculations, to be used.

Key property 3 is that neutrons are very highly
penetrating. That is, neutron spectroscopy is a
“bulk sample” technique and is ideal for studying
bulk properties of materials as well as materials
that are encapsulated within bulky sample envir-
onments or within operando device architectures.
The weak interaction between neutrons and most
elements also means that it is rare to damage the
sample by exposure to neutrons, which can be a
problem with other probes such as lasers or X-rays.

1.2 Key questions in organic electronics
research

The field of organic electronics research comprises a
number of key questions or interest areas in which
neutron spectroscopy can be a vital tool. In no par-
ticular order these include but are not limited to:

• Low-energy intermolecular vibrational modes,
which are important for understanding the dy-
namics of a system relating to electron trans-
port.

• How the dynamics of a sample contribute to the
structure-property relationships in conducting
organics.

• Understanding of (unwanted) excited-state re-
laxation mechanisms.

• Sample or solution dynamics during device fab-
rication and how they relate to device perform-
ance.

• Degradation mechanisms in devices, eg. those
caused by dopant diffusion.

This mini-review aims to briefly introduce the
spectroscopic neutron scattering techniques INS
and QENS to readers that are currently unaware
of them, and to highlight the successful use of
these methods within the wider field of organic
electronics to shed light on the key questions posed
herein. It is hoped that this article will increase the
awareness of such techniques, and broaden their
use.

2 Inelastic Neutron Scattering
(INS)

INS is a technique used to study the vibrational
spectra of molecular and crystalline components of
a system. During an INS experiment a neutron of
kinetic energy Ei collides with a sample, transfer-
ring some of its energy to excite vibrational modes
within the sample, and is scattered with kinetic
energy Ef . The difference Ei − Ef corresponds
to the energy of the excited vibration and thus a
spectrum can be measured. For a more in-depth
discussion of the phenomena behind generating
an INS spectrum the book by Mitchell, et al. is
comprehensive and very readable. [6]

These neutron vibrational spectra are directly
analogous to those measured using photons, such as
IR and Raman spectroscopy, however the transition
energies remain unchanged and only the peak
intensities differ. This means that INS is highly
complementary to these photon-based techniques.
INS is sensitive to all vibrational modes because
optical selection rules do not apply. This means
that a single INS spectrum can provide information
about modes that would be inactive in either an
IR or Raman spectrum, or even those modes that
are inactive in both. Additionally, the intensity of
modes in an INS spectrum is directly related to
the neutron scattering power of the nuclei involved.
This not only means that compared to IR and
Raman the spectra from INS can be relatively easy
to calculate and predict, but also that selective
isotopic labelling can control both the intensity and
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Figure 1: Chemical structures for some of the materials discussed in this article.

the frequency of chosen modes within the sample.
Finally, unlike IR and Raman which are most
commonly used to examine the surface of a sample,
the penetrating nature of the neutrons means INS
is ideal for studying bulk properties of materials.

2.1 INS and organic electronics

The ability to accurately predict INS spectra
means that INS can be used to validate theoretical
analyses of conducting organic systems. Hermet,
et al. studied the phonon density of states in
crystalline 2,2’-bithiophene (Figure 1), a reference
compound for conjugated polymers, using ab
initio calculations. [7] The investigation of these
low-energy intermolecular modes is important for
fully understanding the dynamics of the system
relating to electron transport, one of the key areas
of interest mentioned above. The study compared
experimental INS spectra with simulations and
showed that low-frequency (40-320 cm−1) phonon
modes could only be accurately simulated by
increasing the size of the crystalline unit cell.
The simulated spectrum only afforded very good
agreement with the experimental INS spectrum
when using a 2 x 2 x 2 “supercell” of 8 unit cells.
This provided the group with a lower-bound for
the size of a calculation necessary to afford useful
predictions.

In 2009 the same group used a combination
of far-infrared absorption and INS to study four
new oligo(phenylenethienylene)s, potentially useful

materials as semiconductors for organic field-effect
transistors. [8] By comparing the far IR spectra,
the INS spectra, and first-principles calculations of
each of the structurally related oligomers, the re-
searchers were able to reliably assign the inter- and
intramolecular vibrational modes. These results
help to build structure-property relationships for
new conducting organic materials, which is vital
for future improvements in performance.

Electron-phonon coupling in a self-assembling
discotic material was the topic of a study by
Kruglova, et al. [9] The electron-phonon coupling
underlies unwanted excited state relaxation in
these organic molecules, which function not only as
hole conductors, but also as light-absorbing dyes.
Understanding this unwanted decay of excited
states is another of the key areas of interest within
organic electronics research. The group studied
a family of related triphenylene derivatives, each
comprising alkoxy substitents of different lengths,
again with the aim of understanding the minimum
theoretical model necessary to accurately describe
the vibrational dynamics of the system. Selective
deuteration of the alkoxy tails allowed the vibra-
tional modes of the cores of the molecules to be
studied in isolation, despite the varying tail lengths.
This is because the incoherent neutron scattering
power of 2H atoms is many times lower than that
of a 1H atom, meaning the intensity of modes
involving deuterated moieties can be significantly
reduced. Figure 1 shows the chemical structure
of one such partially discotic material, HAT1D,
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Figure 2: The observed (top) and calculated (bottom)
INS spectra for HAT1D, emphasising the ability to read-
ily simulate neutron spectra theoretically. Reproduced
with permission from ref. [9].

and the observed and simulated INS spectra for
HAT1D can be seen in Figure 2. It was found
that the alkoxy tails had only a slight effect on the
vibrational dynamics of the triphenylene cores and
replacement of the alkoxy group by OH within the
simulations allowed the vibrational characteristics
of interest to be reproduced sufficiently for further
theoretical study at reduced computational cost.

The highly penetrating nature of neutrons was
exploited by Pivovar, et al. in a study of inter- and
intramolecular interactions in crystalline tetracene
(Figure 1) as a function of applied hydrostatic pres-
sure. [10] INS spectra were recorded at pressures
of up to 358 MPa; assignment of the peaks was
aided by a combination of ab initio calculations
and molecular dynamics simulations. It was found
that some peaks shifted to higher energy with
increasing pressure, whereas other peaks were
largely unchanged (see Figure 3). Further analysis
indicated that the application of pressure had
an anisotropic effect on the vibrational modes of
tetracene. Changes in energy were mainly observed
for intramolecular vibrational modes with atomic
displacements perpendicular to the molecular plane
and intermolecular modes with displacements
in the ab-plane of the herringbone layers of the
crystal. Better understanding of these molecular
interactions is vital to improving charge-transport
properties of devices.

In 2017, Harrelson, et al. used INS to study
atomic scale structure in semicrystalline poly(3-
hexylthiophene) (P3HT, Figure 1) both with and
without the dopant molecule 2,3,5,6-tetrafluoro-

Figure 3: Ambient and high pressure experimental INS
spectra of tetracene collected at 295 K (top) and at 100 K
(bottom). The ambient pressure data are depicted by
open circles (◦) at 295 K and filled circles (•) and 100 K.
The spectra collected at 218 and 358 MPa are indicated
by the dashed black line (295 K only) and solid red line,
respectively. It is clear to see that some modes are af-
fected by the changes in pressure whereas others are not.
Reproduced with permission from ref. [10].

7,7,8,8-tetracyanoquinodimethane (F4TCNQ,
Figure 1). [11] The group took advantage of the
lack of selection rules and quantitatively decom-
posed the INS spectra, elucidating the dominant
structural motifs in both the doped and undoped
samples despite significant structural heterogeneity.
By comparing their experimental results with ab
initio calculations, Harrelson and colleagues were
able to show that F4TCNQ was predominantly
intercalated between the P3HT chains, causing
the crystalline regions of the polymer chain to
become flatter. This structural change is thought
to be a significant factor impacting the electrical
properties of the doped semi-conductor. It is worth
noting that despite neutron spectroscopy being
a probe of molecular dynamics, in this example
it provided structural information as well. The
group also note that while the INS spectra were
of sufficiently high resolution to infer detailed
structural characteristics of disordered systems,
the ability to model semi-crystalline and doped
semi-conductor polymers is limited by modern
methodology and computational power. This in
turn limits the ability to accurately model lower
energy/longer range vibrational modes and needs
to be an area of improvement in the future.
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As recently as 2018, the same group again
utilised INS to directly probe the nuclear modes
that might be limiting charge mobility in molecular
semiconductors. [12] In this study the focus was on
the abilty of INS to resolve the low-energy phonon
spectrum in crystalline samples of benzothienoben-
zothiophene derivatives. These phonon spectra
were then used to validate theoretical predictions
of electron-phonon coupling parameters, leading to
high quality predictions of hole mobilities for the
materials being studied, which is a primary figure
of merit in p-type semiconductors. Importantly
the researchers summarise that while their work
involved charge transport in organic transistor ma-
terials, the vibrational dynamics being studied are
of import to other branches of organic electronics
such as exciton separation in organic photovoltaics
and dynamical processes in organic LEDs.

The work discussed in this section illustrates the
potential for INS in organic electronics research,
however it is limited in quantity. There are myriad
conducting organic materials that would benefit
from investigation with INS to address the key
questions posed above.

3 Quasielastic Neutron Scatter-
ing (QENS)

QENS is a technique used to study the dynamics of
atoms or ions (or groups thereof) within a sample.
Much like in an INS experiment, neutrons are
scattered from the sample and measured to afford
a spectrum of neutron energy change, ∆E, after
interaction with the sample. Of primary interest
for QENS, however, is the region of this spectrum
immediately surrounding the elastic peak, that is,
the peak of zero energy change after scattering.
An example of such an elastic peak can be seen
in Figure 5, centred on ∆E = 0. Motion of the
atoms or ions in the sample when they scatter an
incident neutron cause a Doppler broadening of this
elastic peak, and thus a lessening of its intensity
and an increase in the intensity of the background
signal. Additionally, when the angle of neutron
scattering is taken into account at the same time
as energy transfer then the full momentum transfer
dependence or “Q”-dependence of the spectrum
can be analysed. The changes in the shape and
intensity of the elastic peak versus temperature and

Q can be compared with well-established models of
atomic motion to afford not only rates of atomic
motion but also distances travelled and activation
energies, both of which are difficult to achieve with
other techniques. A more comprehensive and very
well-written introduction to QENS that is suitable
for newcomers was published by Embs, et al. in
2010 [4].

QENS naturally lends itself to examining the dy-
namics of organic materials. This is due to the large
incoherent neutron scattering power of 1H atoms,
which are ubiquitous in organic materials, affording
a strong signal for their motions. Another import-
ant aspect of QENS is the energy resolution and
“dynamic window” offered by the spectrometer be-
ing used. Dynamic processes in the sample that are
too fast or too slow will fall outside of the QENS
window and will not be observed. The majority of
QENS spectrometers cover timescales in the range
of 10−13–10−9 s and length scales on the order of
1–30 Å, [13] thus making them suitable for study-
ing phenomena such as polymer relaxation and ionic
diffusion, both of which can be important in organic
electronics. Another strength of QENS is its use to
validate molecular dynamics (MD) models. Such
MD simulations are extremely useful to investigate
properties of the materials used in organic electron-
ics, however their accuracy is often questioned. Use
of QENS data can provide a stringent test of the
model.

3.1 QENS and organic electronics

In 2009 Obrzut and Page were the first to examine
a functional photovoltaic material using QENS
when they looked at relaxation processes in con-
ducting regioregular P3HT. [14] The researchers
took advantage of the high incoherent scattering
cross-section of hydrogen atoms to selectively
monitor the contribution of the side chains to
molecular dynamics in the polymer. Figure 4a
shows a “fixed elastic window scan”, which plots
the intensity of elastically scattered neutrons
against temperature. Changes in gradient can
indicate motions becoming active or inactive. By
comparing the mean square displacement (Figure
4b of the protons as a function of temperature it
was shown that the hexyl side chains are liberated
at approximately 175 K, consistent with findings
that long-range order in electronic states would
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Figure 4: (a) Normalized elastic-scattering intensity as
a function of temperature (at fixed Q ≈ 0.99 Å−1). The
solid line represents a fit of the data using an instrument
resolution of 0.86 meV as determined from the dynamic
scan at 50 K. (b) Mean-square displacement, < r2 >,
for P3HT as measured by QENS showing the onset of
motions above 175 K. Reproduced with permission from
ref. [14].

approach that of amorphous silicon below 180 K.
This relaxation of side groups was shown to con-
tribute to topological disorder, hindering charge
transport, and decreasing conductivity by 5 orders
of magnitude at 190 K.

In 2013, Paternó, et al. built upon the work
by Obrzut and Page by using QENS to study
solid blends of 50 wt% P3HT and [6,6]-phenyl-
C61-butyric acid methyl ester (PCBM, Figure 1)
cast from different solvents with a range of boiling
points. [15] This ratio of P3HT:PCBM is directly
relevant to bulk heterojunction photovoltaic cells.
The group found that the solvent with the in-
termediate boiling point, chlorobenzene, afforded
the most long range order to the blends, with the
greatest level of crystallinity observed. However,
despite this fact, when the dynamics of the blends
were investigated at around 285 K, the glass
transition temperature of P3HT, [16] no difference
between samples prepared with different solvents
was observed. As the main motions in the sample
at this temperature are attributed to the motions
of the hexyl side chains, this result suggests that
crystallinity of the sample has very little affect on
the side chain dynamics. Additionally it was found
that when comparing the dynamics for pure P3HT
and the P3HT/PCBM blends, the elastic intensity
and mean square displacement for the blends were

higher and lower respectively, strongly suggesting
that inclusion of PCBM hinders the movement of
the side chains. This result was evident at 333 K
and even more strongly apparent at 433 K, as can
be seen in Figure 5 where the elastic peak (∆E = 0)
has been broadened for pure P3HT compared to
the blends.

In 2016 the same researchers continued their
work by using another key feature of neutrons,
that they can be polarised, to separate the co-
herent/incoherent scattering contributions from
their samples. [17] The QENS signal relies on
incoherent scattering, with coherent scattering
leading to increased background levels and reduced
signal intensity. For a 1:1 blend the incoherent
and coherent contributions to scattering are 75.5%
and 5.5% for P3HT respectively, and 14% and 5%
for PCBM respectively. This more recent study
was designed to examine whether any part of the
reduced elastic intensity previously reported for
P3HT/PCBM blends was caused simply by the
increased coherent scattering fraction from PCBM.
The data confirmed that blending P3HT with
PCBM constrained motions of the polymer, with
neither the pure sample or the blend showing any
coherent dynamics. Neutron polarisation analysis
such as this can be vital for cases where the
coherent scattering cross-sections are not negligible
when compared to the incoherent scattering cross-
sections. However polarisation adds complexity
to the measurement and the subsequent data
analysis as well as having a strongly detrimental
affect on neutron flux, leading to greatly increased
measurement and analysis costs.

Following on from this work, Etampawala, et
al. published a report on molecular relaxation and
dynamics in P3HT/PCBM blends as a function
of PCBM loading. [18] The samples specifically
comprised PCBM loadings that were low enough
to ensure a single phase sample with the PCBM
homogeneously distributed throughout the P3HT,
i.e. below 20 vol.% PCBM. Firstly it was found
that the pure components each demonstrated a
single relaxation process within the limits of the
experiment, whereas the blends exhibited two
relaxation processes; one fast process attributed to
P3HT dynamics, and one slower process attributed
to PCBM dynamics. It was also determined that
there was a threshold loading of PCBM in P3HT
(between 5 and 9 vol.% PCBM) below which steric
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Figure 5: Measured dynamical structure factor as a function of energy transfer for pure P3HT polymer (red line)
and 50/50 blends of P3HT/PCBM (at fixed Q = 1.01 Å−1 and T = 160 K). The blends were cast with different
solvents; chloroform (blue line), chlorobenzene (green line), and ortho-dichlorobenzene (pink line). The black curve
represents the resolution of the instrument (black line). Note the log-scale of the vertical axis and each curve is
normalised so that the peak elastic intensity = 1. Thus a lessening of the elastic peak intensity is apparent as a
broadening of the peak and an increase in the intensity of the background signal. The data here show that by
blending P3HT with PCBM the dynamics of the system are reduced compared to that of P3HT alone. Adapted
with permission from ref. [15].

hindrance caused by the PCBM dominates the
P3HT side chain dynamics. Above this threshold
concentration thermal effects dominate the hexyl
group motions.

The study of P3HT/PCBM blends was also
undertaken by Guilbert, et al. and reported in
two related publications. [19, 20] The group used
selective deuteration of the P3HT side chains in
order to isolate and identify the different motions
within their samples. The results were in agreement
with those of Paternó, et al. already discussed,
above. In addition to the frustrated P3HT mo-
tions, Guilbert and co-workers discovered that the
polymer also imparted a plasticising effect on the
PCBM portion of the blend, which was especially
apparent above the glass transition temperature
of the polymer, [19] across all experimentally
accessible timescales (5–50 ps). The QENS exper-
iment was then used to validate their molecular
dynamics simulations. This allowed the group
to more confidently extrapolate their theoretical
model to time scales 3 orders of magnitude longer
then the measured data (up to 50 ns), elucidating
information would not otherwise be accessible
experimentally. [20] This work built upon work

previously published by the same group in 2015,
in which the researchers demonstrated that QENS
could be used to validate molecular dynamics
calculations of P3HT and poly(3-octylthiophene)
(P3OT, Figure 1). [21] Additionally, this earlier
study allowed the determination of activation
energies for various reorientations of the polymer
side chains. It was concluded that the small
differences in the dynamics between P3HT and
P3OT are unlikely to account for the superior
efficiency of photovoltaic devices made with the
former material, thus emphasising the need for
further study.

Thiophene-based polymers were also the topic of
a study by Dı́az-Paniagua, et al. who investigated
the molecular dynamics of mixtures of P3OT and
functionalised single wall carbon nanotubes in
toluene-d8 solutions. [22] The aim of the study
was to better understand the sol-gel behaviour
and colloid dynamics of blend solutions, which are
frequently used in the fabrication of organic elec-
tronic devices. The researchers found that below
a critical concentration the colloid dynamics are
mainly driven by the solvent, and above this critical
concentration they are dominated by the solute
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Figure 6: Mean-square displacement (MSD) as a func-
tion of temperature for the F4MCTCNQ doped P3HT-d
blend, showing the onset of two different dynamical pro-
cesses at 180 K and 254 K. Reproduced with permission
from ref. [23].

(polymer). Crucially, this critical concentration for
P3OT was found to be within the range often used
during device fabrication, 2–3 wt%.

Li, et al. took a slightly different approach to
using QENS with organic electronics by examining
the diffusion of small-molecule acceptor dopants
in organic semiconductor films. [23] The group
used a combination of laser scanning confocal
fluorescence microscopy and QENS to investigate
both the macroscopic and microscopic migration of
the dopant molecule tetrafluoromethyloxycarbonyl-
tricyanoquinodimethane (F4MCTCNQ, Figure 1)
within films of P3HT. This diffusion is particularly
important when using doping-induced solubility
control during patterning and device fabrication.
F4MCTCNQ was used in place of F4TCNQ in order
to increase the number of 1H-atoms in the molecule
being investigated. The group also used deuterated
P3HT (P3HT-d) so that the motions of the dopant
molecule would be the dominant signal during the
QENS experiments. By determining the proton
mean-square displacement (MSD) as a function of
sample temperature (Figure 6) a second change in
gradient above the glass transition temperature of
P3HT (around 180 K) suggested that a previously
unknown dynamical process was occurring in the
blends at temperatures above 254 K. By using
a jump diffusion model to further analyse the
QENS data it was discovered that this process
likely involved two dynamic components, one fast

Figure 7: Mean square displacement measured on
Py(CEH)4 in the bulk (open circles) or confined in
alumina membranes of 50 (solid circles) and 25 nm
(solid triangles) pore diameters, and porous silicon (solid
squares). The clearing points of the different samples, de-
termined independently, are marked by the arrows. Re-
produced with permission from ref. [24].

component and one slow component. Yet deeper
analysis of the data and comparison with DFT cal-
culations suggested that these likely corresponded
to methyl group rotations and methoxycarbonyl
group rotations respectively, but not translational
diffusion as might have been expected.

It is not only polymers and polymer blends that
have been examined by QENS. In 2014 Ndao, et
al. investigated the molecular dynamics of pyrene
based discotic liquid crystals, pyrene-1,3,6,8-tetra-
rac-2-ethylhexyl tetracarboxylate (Py(CEH)4,
Figure 1). [24] By impregnating these columnar
discotic liquids into solid nanoporous templates the
molecules form nanowires, exhibiting translational
order along the column axis accompanied by
strong overlap of the aromatic π orbitals. This
orbital overlap leads to long-range transport of
charge-carriers in one dimension. Understanding
the dynamics of these systems would help with
their design and provide new opportunities to tailor
charge transport properties. It was found that
in the crystal phases, below 220 K, mean square
displacements for both confined and unconfined
samples were essentially the same and reflected
dynamics that are dominated by the rotations of
methyl groups at the side chain ends. Above this
temperature, in the columnar phases, mean square
displacement scaled with pore size, and thus,
greater confinement led to reduced motion, as may
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be expected. Interestingly, the clearing temperature
for the samples varied dramatically with the level
of confinement, with the more strongly confined
samples entering an isotropic phase at lower tem-
peratures than the bulk unconfined material (see
Figure 7). This is contrary to what may naturally
be expected as the samples confined in smaller
pores were, at the same temperature, in a more
locally disordered state than those in larger pores
(or unconfined). The group postulated that the
small pore samples experienced highly distributed
(and possibly lowered) activation energy barriers,
thus increasing local molecular disorder despite
the amplitude of the overall dynamics remaining
lower than the large pore and unconfined samples,
leading to the unexpected observed behaviour.

It is clear to see that much (but not all) of the
work discussed in this section has focused on the
archetypical P3HT:PCBM photovoltaics system.
However, QENS has not yet seen much use in
organic transistor or organic LED research to date,
highlighting vast areas of potential applications.

4 Summary and Outlook

The objective of this article is to highlight some
neutron spectroscopy techniques that have not yet
been wholly adopted by many researchers studying
organic electronics. These techniques provide
unique information, such as low-energy vibrational
modes, the nature of molecular relaxation mech-
anisms, and the molecular dynamics of organic
systems that would be difficult or impossible to ob-
tain using other methods. The work that has been
discussed demonstrates some of the methods by
which the key properties of neutrons and neutron
spectroscopy can be used to uniquely address the
questions facing researchers of organic electronics.

Neutron spectroscopy is not without its weak-
nesses. Sample sizes are often larger than those
needed for other techniques, 0.1-10 g is typical.
Additionally due to the weak interaction of neut-
rons with most matter the data acquisition times
are often on the order of minutes–hours rather than
seconds (or less) typical for photon-based measure-
ments. However, neutron sources and instrument
designs are constantly improving leading to reduced
measurement times, reduced sample sizes, and finer
resolution spectra.

INS and QENS have a strong relationship with

theoretical calculations as discussed above. With
the ever-decreasing cost of computational power
leading to the ability to perform more accurate
calculations involving larger conjugated molecules
and polymers, combined with the ever-increasing
demand for inexpensive, portable, efficient elec-
tronics, it is hoped that these neutron scattering
techniques will see even more interest in the future.

Finally, even though neutron spectroscopy is not
available in the average research laboratory there
are several large-scale facilities situated around
the globe. [25] Of particular current interest is the
European Spallation Source (ESS), currently under
construction in Lund, Sweden, and due to begin
initial operations and instrument commissioning
within the next 3–4 years. [26] Access to the vast
majority of facilities that offer neutron scattering
is freely available to researchers, usually on the
proviso the results will be published in the open
literature. This means the techniques discussed
here are free at the point of use and can be used to
elucidate the most important scientific information,
regardless of means.
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