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Terahertz Time-Domain and Low-Frequency Raman
Spectroscopy of Organic Materials

With the ongoing proliferation of terahertz time-domain instrumentation from semiconductor physics into applied spectroscopy over the
past decade, measurements at terahertz frequencies (1 THz = 10'2 Hz = 33 cm~") have attracted a sustained growing interest, in particular
the investigation of hydrogen-bonding interactions in organic materials. More recently, the availability of Raman spectrometers that are
readily able to measure in the equivalent spectral region very close to the elastic scattering background has also grown significantly. This
development has led to renewed efforts in performing spectroscopy at the interface between dielectric relaxation phenomena and
vibrational spectroscopy. In this review, we briefly outline the underlying technology, the physical phenomena governing the light-matter
interaction at terahertz frequencies, recent examples of spectroscopic studies, and the current state of the art in assigning spectral features

to vibrational modes based on computational techniques.

Index Headings: Terahertz time-domain spectroscopy; Low-frequency Raman spectroscopy; Organic materials; Crystalline structure;

Amorphous structure; Computational methods.

INTRODUCTION

n the past decade, terahertz time-domain spectros-
I copy (THz-TDS) has emerged as a very attractive

technique used to perform vibrational spectroscopy
at frequencies spanning from 100 GHz to 3 THz (3-
100 cm~"). A search performed across numerous
databases indicates a surge of interest in the pursuit of
spectroscopy in the low-frequency end of the far-infrared
(far-IR) region of the electromagnetic spectrum (Fig. 1).
Spectroscopy at terahertz frequencies is often referred
to as far-IR or submillimeter spectroscopy’? (Fig. 1), and
this has been a very active field of research, in particular
from the 1960s onward. In the 1960s, the breakthrough
for far-IR spectroscopy came with the development of
numerical Fourier transformation techniques together
with the emerging availability of digital computers, which
for the first time allowed the use of Michelson interfer-
ometers for routine spectroscopy applications.® Likewise
the development of ultrafast optics and semiconductor
physics has made THz-TDS technology possible. Today
terahertz spectroscopy is readily accessible to a much
larger number of research groups, and this is reflected
in the breadth and quantity of recent spectroscopic
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investigations. Spectroscopy into the properties of
organic molecular crystals has been a field of particular
interest in this context because the low photon energy at
terahertz frequencies makes it possible to excite
intermolecular motions using THz-TDS. This has been
exploited in numerous studies in the field of solid-state
characterization of several hydrogen-bonded crystallo-
graphic structures, such as polymorphism, cocrystals,
hydrates, and solvates. Apart from applications in
hydrogen-bonded crystals, a number of exciting appli-
cations characterizing polar liquids have sparked re-
newed interest in the spectroscopy community.

At the same time, the improvements in notch-filter
technology and in the stability and wavelength specificity
of diode lasers over the past decade have resulted in the
availability of new Raman spectrometers, able to reliably
access the terahertz region. Known as low-frequency
Raman, ultra-low-frequency Raman, Rayleigh-wing, or
THz-Raman spectroscopy, this relatively new field
presents a complementary tool to THz-TDS for studying
the low-frequency interactions in materials, in particular
the low-frequency motions attributed to crystalline order.
This more robust and affordable technology (compared
to the previously used low-frequency Raman spectrom-
eters, mainly based on double- or triple-grating technol-
ogy) has also triggered a surge in the Raman field
somewhat similar to the introduction of THz-TDS in the
infrared (IR) area.
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Fic. 1. Research activity in spectroscopy at terahertz frequencies

as measured by the publication output of peer-reviewed research
papers in the period 1900-2013 and classified by terminology used
to describe the technique.

The assignment of the spectral features to vibrational
modes is more complex at terahertz frequencies than at
the mid-IR (for both THz-TDS and Raman measurements)
because the periodic nature of the crystal structure also
needs to be taken into account, given that, depending on
the flexibility of the studied molecules, mixing between
inter- and intramolecular modes takes place. In addition,
for Raman spectroscopy even more computationally
intense calculations are required to determine the Raman
intensities of these modes. This results in different
subsets of the calculated modes being either IR active
or Raman active, due to their differing selection rules.

Although there have been distinct difficulties in
performing spectroscopy at terahertz frequencies, there
is at least one important distinction that is unique to
spectroscopy at terahertz frequencies compared to
vibrational spectroscopy at higher frequencies: hv
relative to kT (where h is Planck’s constant and k is
Boltzmann’s constant) have very different relative ratios
at terahertz frequencies than at the mid-IR. At room
temperature, kT is approximately 6 THz. Above 12 THz,
there are hardly any excited states present at room
temperature, and only about 10% of such states are
observed at 12 THz. However, in the frequency range
that can be accessed using THz-TDS (typically up to 3—
4 THz), there is a significant population of excited states,
leading to a broadening of the observed vibrational
modes and dramatic changes in the spectra upon
cooling to below room temperature.

In this review, we |imit our discussion to the
spectroscopy of organic hydrogen-bonding molecules;
for a more detailed overview of the wide range of other
applications of terahertz spectroscopy, the reader is
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referred to the more specialist literature.*'® We also
highlight that spectroscopy at terahertz frequencies has
a much longer tradition than we can possibly cover in
this review article. In the spirit of Felix Franks’ comments
regarding the value of “old literature”,'® we point out
references that provide good summaries of previous
work throughout this review. However, such an endeavor
is almost inevitably going to fall short of our aspirations,
and we emphasize that the references presented here
will serve as a useful starting point but are incomplete.

TECHNIQUES

Terahertz Time-Domain Spectroscopy. Modern THz-
TDS owes its beginnings to the pioneering work of Auston
on the picosecond gating of semiconductor devices using
optical pulses to control a switch.?? Initially these gated
switches were confined to the transmission of pulses
along transmission lines, but it was noted that they also
acted as photoconductive (PC) transmitters and detec-
tors. First, millimeter wave pulses®' and, then, terahertz
pulses®??3 were developed by groups headed by Auston
and Grischkowsky.?#?% These optically gated antenna
structures provided a new way to access the “terahertz
gap” region, thanks to the development of ultrafast,
femtosecond near-infrared (NIR) lasers. Right at the
onset of this research, the spectroscopic applications
were already being highlighted by Grischkowsky and
coworkers in early work on characterizing semiconductor
substrates, observing the rotational lines of a number of
gases and measuring the spectra of flames.?62°

Aside from PC generation and detection, another
technique commonly employed in THz-TDS is electro-
optic (EO) generation and detection. First demonstrated
for femtosecond electrical transients by Auston and
Nuss,® the technique was simultaneously demonstrated
for the detection of free-space transients by three
independent groups.®'3® Electro-optic generation uses
the Pockels’ effect, where an incident electric field (in
this case, the terahertz transient) produces a birefrin-
gence in a crystal such as zinc telluride (ZnTe) or
gallium phosphide (GaP), thus rotating the phase of the
probe laser pulse. Measurement of the relative polari-
zation of the pulse retrieves the magnitude and phase of
the terahertz electric field. Advantages over PC tech-
niques include a flat frequency response and the
researchers’ ability to extend the measured range, with
a 7 THz band width reported for a GaP detector.3
Terahertz time-domain spectroscopy measurements can
be performed in both transmission and reflection
modalities; however, at present the majority of spectro-
scopic studies have used the transmission mode. This
has the advantage of ensuring that the bulk spectro-
scopic properties of the material are measured. The
basic transmission THz-TDS setup is shown in Fig. 2A.
The detector is biased by a square wave potential
derived from the reference oscillator of a lock-in
amplifier, which receives and extracts the modulated
detector signal, in this case from the current registered



(A) i

Emitter

Optical delay
stage

L Sam

Femtosecond
laser

5 Detector ‘
p
)

Wavelength stabilized

laser

‘ VHG notch

filters
Standard ~

spectrometer options

ASE noise

ASE filter fitter
and beamsplitter

Sample

Fic. 2. Basic spectroscopy experimental setups. (A) Terahertz
time-domain spectroscopy. (B) Raman spectroscopy.

by a PC antenna. In addition, the femtosecond laser
pulses act as an optical gate, ensuring that the detector
is active only for a short time, depending on the
femtosecond laser pulse width. This and the use of
lock-in techniques result in signal-to-noise ratios (SNRs)
greater than 10*2” However, to measure the full time-
domain terahertz pulse, the optical delay must be altered
between the pump emission laser pulse and the probe
detection laser pulse. By systematically measuring a
number of points, researchers record the terahertz time-
varying electric field, from which the common step is to
recover the frequency-dependent amplitude and phase
information through the use of a Fourier transform. For
further information and insights into the techniques of
THz-TDS, the reader is directed to other sources.*°

In THz-TDS, complex dielectric loss spectra can be
calculated directly from the experimental data at
terahertz frequencies because it can be used to measure
the amplitude and phase of the transmitted waveform,
thereby allowing the complex refractive index to be
calculated. The complex refractive index n(®) can be
described in terms of the real part of the refractive index
n(w) and its imaginary part, the index of absorption k()
(also sometimes called the extinction coefficient):

A®) = n + ix (1)

Using the speed of light in vacuum ¢ and the angular
frequency o (= 2nv), the absorption coefficient can be

extracted from the index of absorption:

_ 20x(0)
D

() (2)
This complex refractive index can be expressed in
terms of the dielectric losses (£) :

8(0) = ¢/ (0)~ie"(0) = A(o)® 3)

where ¢’ is the real and &” the imaginary part of the
dielectric losses. It is, hence, possible to convert
between the absorption spectra that are commonly used
in IR spectroscopy and the dielectric loss spectra by
using the following expressions:

() = n(w)?—x(v)?
£/(0) = 2n(0)x(e) = @O @)

Note that the absorption coefficient in Eq. 2 can also be
related to the absorbance (A) of a material:

Aw) = ~log, () = x(w)d (5)

where | is the transmitted intensity of light through a
medium relative to the incident intensity /o and d is the
thickness of the medium. The absorbance makes most
physical sense when written in terms of natural
logarithms (loge) because this results in the relationship
to the absorption coefficient in Eq. 5, but some
communities define the absorbance in terms of base-10
logarithms (log1o), which can give rise to confusion.
Consequently, here we use either the absorption
coefficient, when a thickness has been defined, or the
absorption in arbitrary units, when no thickness has
been calculated; in this case, absorption relates to the
absorbance as defined in Eq. 5.

Further information on how to take scattering effects
into account and how the optical properties can be
extracted accurately from time-domain waveforms has
been described in detail elsewhere.3538

Low-Frequency Raman Spectroscopy. Raman spec-
troscopy was first observed by Raman and Krishnan in
1928 and is based on the interaction of light with the
molecular vibrations and phonons of the target system.%®
Raman spectroscopy is similar to IR spectroscopy (and
thus by extension to THz-TDS) in that both techniques
measure a series of vibrational bands at different
frequencies. These features are due to molecular
vibrations or phonon modes of the material of interest;
however, unlike IR spectroscopy, these features are
sampled as a form of inelastic scattering, because they
are a measurement of the transfer of energy between the
molecule and the photons of the excitation laser. A
Raman spectrometer (shown schematically in Fig. 2B)
measures the shifts in frequency of the Raman-scattered
light from a single frequency source; it is this shift in
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frequency that corresponds to the molecular vibrations
and phonon modes of the material. Since it is a
scattering phenomenon, the Raman signal is intrinsically
weak, especially compared to the intensity of the elastic
Rayleigh-scattered light (at the source frequency), and
so the spectrometer must filter out the light close to the
source frequency. Traditionally the filters used for
Raman spectroscopy blocked a relatively large spectral
region, and so Raman shifts below 200 cm~' were
blocked by the filters. However, the recent improvement
in volumetric holographic grating notch filters and the
use of stable diode lasers coupled with ultra-narrowband
amplified spontaneous emission filters have resulted in
the availability of affordable Raman spectrometers able
to access the terahertz region.*°

MESOSCOPIC STRUCTURE AND DYNAMICS

While well-defined peaks are observed due to the
long-range order present in crystalline materials, the
terahertz absorption spectra of liquids and disordered
solids do not exhibit any such distinctive absorption
bands. The following is a brief summary of the main
principles in the context of the renewed interest in
spectroscopy at terahertz frequencies. In addition to the
recent work using THz-TDS, over decades a large
number of studies have been done using low-frequency
Raman spectroscopy and far-IR spectroscopy to inves-
tigate similar effects, and we strongly recommend this
literature and the references therein to the interested
reader for more detailed information.41-48

Supercooled Liquids and Glasses. Liquids. The
high-frequency wing of the dielectric loss peaks that
are observed at gigahertz frequencies, and which span
multiple decades of frequency, can be detected using
THz-TDS. Interesting information on the intermolecular
interactions in such liquids can be extracted from the
analysis of the spectra.*® Spectroscopy of dipole
relaxation processes at terahertz frequencies goes back
a long way; Poley was one of the first in 1955 to discuss
the absorption at terahertz frequencies of polar liquids in
the adjoining frequency regions.’® He noticed an
inconsistency between the extrapolated dielectric con-
stant gy measured in the microwave region and the
square of the refractive index n? when extrapolated from
measurements in the visible and IR regions, and
postulated the existence of an additional region of
dipolar absorption at terahertz frequencies in liquids.
This has since often been referred to as Poley
absorption.®' These losses are mainly the result of
reorientational motions of polar molecules excited by an
external oscillating electric field, for example, the
terahertz radiation in the case of THz-TDS (Fig. 3).52
The lowest-frequency peak that dominates the spectrum
in the microwave region is often referred to as the a
relaxation, and it represents the rotational diffusion of
liguid molecules. However, the dipole relaxation pro-
cesses occur on different time scales and hence can be
resolved further. As mentioned before, the slow ao
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Fic. 3. A typical spectrum of polar liquids at terahertz frequencies
(modified from Turton et al.>?). Highlighted in orange is the typical
range of phenomena that can be studied using current THz-TDS
setups.

orientational relaxation occurs on picosecond time
scales, while the fast collision-driven [ orientational
relaxation is observed on femtosecond time scales. This
fast-p relaxation process is sometimes also explained in
terms of a rattling movement of molecules in the cage of
their surrounding molecules within the framework of the
mode-coupling theory (MCT).5® Note, in this context, that
the MCT is one of a number of theoretical relaxation
models and, although it is widely used, it is not able to
fully describe all aspects of molecular interaction. Polar,
small organic molecules are known to form hydrogen-
bonded chain structures; for example, the cooperative
rearrangement of the alcohol-alcohol chain structure
occurs on time scales of = 100 ps, the reorientation of an
individual alcohol molecule situated at the end of the
alcohol-alcohol chain is faster by roughly one order of
magnitude, and the relaxation of liquid molecules in the
process of hydrogen-bond formation and decomposition
lasts ~1 ps.5+-56

All these relaxation processes can be resolved and
quantified using Debye models, such as a simple two-
component model, to resolve the fast (femtosecond) and
slow (picosecond) relaxation processes:

A81 ASQ
w + p + - .
1+ ity 1+ ioto

(o) =¢ (6)
where & is the complex dielectric loss, ® is the angular
frequency, Ae; and Asg, measures the strength of the
respective relaxation process, and 11 and 1o are the
relaxation times. For example, in water at room
temperature the two relaxation processes correspond
to relaxation times of t1 = 8 ps and 1, =~ 170 fs.
Additional Debye and oscillator terms have been added
to this equation to account for molecules undergoing



hydrogen-bond formation and breaking, as well as
intermolecular stretching vibrations because intermo-
lecular stretching and libration processes were shown to
contribute to the absorption of terahertz radiation by
hydrogen-bonding liquids.®” In general, liquids exhibit a
broad absorption band in excess of the description by
Debye theory, which originates from what Chantry and
Gebbie termed pseudo-lattice modes and what is now
more commonly referred to as the vibrational density of
states (VDOS).%® This effect is stronger for polar
molecules than for nonpolar ones.

For a meaningful analysis of the relaxation times, it is
absolutely necessary to have spectral data that spans
from at least megahertz to terahertz frequencies to
select the appropriate Debye model to describe the
spectrum of any given liquid or liquid mixture. Without
such broad spectral data, the fitting procedure becomes
meaningless because all the models will fit the terahertz
data alone given that it represents only the high-
frequency wing of the main relaxation process. None-
theless, once the appropriate model is known, the
terahertz spectra can be used to extract unique insights
into the structure and dynamics of liquids.5?

A number of groups have investigated the temperature
dependence of the dielectric relaxation processes in
liquid water.’®%® Using THz-TDS, it was possible to
determine the size of the hydration shells around
dissolved protons in water.?° In combination with IR
and molecular dynamics simulations, THz-TDS was used
to study the structure of methanol-water mixtures®' and
acetonitrile-water mixtures.®* In addition to the studies
of aqueous mixtures, a number of studies have focused
on the interaction between nonpolar solvents with polar
solvents.®>%7 Recently, the dielectric response of tetra-
methylurea was measured using a combination of
terahertz and gigahertz dielectric spectroscopies, and
the measurements were compared to femtosecond IR
pump—-probe studies.®® It was found that the dynamics of
the water molecules in close vicinity to the hydrophobic
urea derivative was significantly retarded but that this
effect only extended approximately 12 water molecules
into the bulk water phase. Yomogida and coworkers
found direct evidence for a vibrational mode around
1.5 THz and an intermolecular stretching mode around
2.5 THz in measurements of a series of seven pentanol
isomers.®70 (In this context, it is useful to highlight that
the term Boson peak is sometimes used to refer to broad
peaks that are centered around 1-2 THz and that have
their origin in vibration-libration losses. The next section
contains a more detailed discussion regarding the these
processes and the controversy surrounding the term
Boson peak in this context.) Together with the dielectric
relaxation data at microwave frequencies, the studies
showed the complex interplay between reorientation
motion and vibration dynamics in hydrogen-bonded
liquids. In a separate study, Yamaguchi et al. found
evidence for an intermolecular vibrational mode origi-
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FiG. 4. (A) Teraheriz absorption spectra of pure water and
alcohols. (B) Dielectric relaxation analysis of methanol-water
mixtures. The highest degree of structuring of the alcohol-water
network is identified by the maximum difference between the Debye
component ¢, and the theoretical strength of the dielectric
relaxation component for an ideal mixture, jqea. This is also the
composition at which there is a minimum in the diffusivity of
alc¢2:hol as measured by NMR spectroscopy (modified from Li et
al.”).

nating from benzoic acid that was found to form dimers
when dissolved in carbon tetrachloride.”

Terahertz spectroscopy and pulsed-field gradient
NMR diffusometry have been used as complementary
techniques to understand the dynamics of alcohol-water
mixtures at the molecular level (Fig. 4).”> The combined
results showed the presence of three critical concentra-
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tions at which a change in the dynamic regime occurs.
The first is a concentration above which the intermolec-
ular interaction between water and the alcohol hydroxyl
group (—OH) becomes predominant compared to hydro-
phobic hydration interactions. Below this composition,
the hydration shells around the hydrophobic moieties of
the alcohols form predominantly, with larger hydropho-
bic moieties of the alcohol molecule resulting in larger
hydration shells. Second, at a higher concentration, the
highest degree of structuring of the hydrogen-bonded
network occurs, which corresponds to the slowest
translational dynamics in the mixture. Finally, at an even
higher concentration the dynamics of water and alcohol
molecules become increasingly independent.

While the majority of studies using THz-TDS that have
been reported to date have used transmission geometry
(where a thin slab of sample is confined between two
windows, typically made from z-cut quartz), there have
also been some very interesting developments using
reflection techniques, including attenuated total reflec-
tion for such measurements.®>7375 Moller et al. provided
a good review of this field.”® In addition, microfluidic
devices for liquid spectroscopy have also been demon-
strated.””

As soon as other molecules, such as carbohydrates or
proteins, are dissolved in water, it is possible to
distinguish between different populations of water
molecules based on the change in the relaxational
dynamics because the water molecules that are part of
the solvation shell exhibit a significantly different
dynamics than the bulk water molecules. This concept
was applied to study a wide range of molecular
interactions of biomolecules during solvation: lactose;”®
threhalose, lactose, and glucose;’® proteins;®82 protein
folding;®® peptides;®+®® ions;®” antibodies;®® and urea;?®
among others. In addition, very interesting effects
regarding the hydration of biomolecules were detected
using terahertz spectroscopy,®®°? including the protein
dynamic transition®>%* and lipid-membrane forma-
tion.%®% More detailed reviews of these topics have
been published.®”~1°" This work complemented very
nicely similar studies using low-frequency Raman
spectroscopy and light-scattering techniques.02-108

Supercooled Liquids and Glasses. Prior to the
advent of THz-TDS, it was possible to measure the
dielectric spectra to frequencies up to hundreds of
gigahertz using interferometric techniques,’%%'° and
the resulting spectra revealed a minimum of losses
between the dielectric relaxation and far-IR resonances,
as previously predicted by Wong and Angell.""" Howev-
er, only a limited number of experimental studies that
report the spectra of supercooled liquids and glasses
have been published thus far.''?

Structurally, supercooled liquids and glasses are very
similar to liquids, but the slower dynamics means that
the terahertz spectrum becomes more strongly dominat-
ed by absorption into the VDOS that forms the libration—
vibration band, or the microscopic peak, in the region of
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Fic. 5. Typical dielectric response of hydrogen-bonding disor-
dered materials. Primary relaxation (o), Johari-Goldstein secondary
relaxation (JG B), MCT fast secondary relaxation (fast$), VDOS
peak, and intramolecular IR modes. The blue shading highlights the
frequency region covered by typical THz-TDS instruments. High-
lighted in orange is the typical range of phenomena that can be
studied with current THz-TDS setups.

approximately 1-5 THz. In the adjacent microwave
region, typically both a primary (a) and a secondary (B)
relaxation process can be observed, which separate in
frequency as the material is cooled. As is the case for
liquids, the high-frequency-loss tails of the o and f
relaxations still contribute significantly to the spectrum
measured by THz-TDS (Fig. 5). Again, the primary
relaxation is associated with molecular-diffusion pro-
cesses, and it can no longer be measured on typical
experimental time scales because the viscosity of a
supercooled liquid increases at the glass transition
temperature Tg.""® A number of mechanisms have been
proposed to explain the secondary relaxation, such as
intramolecular flexibility.''* However, of particular im-
portance in the context of small organic molecules is the
Johari—Goldstein (JG) secondary relaxation. The JG [
relaxation is an actual property of disordered systems,
and it was shown to exist even in glasses formed from
completely rigid molecules.’™ Note that the JG B
relaxation is not always clearly separated from the
primary relaxation and sometimes rather forms a
shoulder in the high-frequency wing of the primary
relaxation peak.'® It is thought that the JG B relaxation
originates from a movement of the whole molecules and
is intermolecular in nature,’'% in contrast to the
intramolecular secondary relaxations that originate from
movements involving only a subset of the entire
molecule. Experimentally, the first absorption spectra
at terahertz frequencies were acquired by means of
Fourier transform infrared (FT-IR) spectroscopy from the



1960s onward. Far-infrared studies on a series of
structurally and electronically different inorganic glasses
showed the existence of a universal temperature-
independent terahertz absorption feature that increased
in intensity with frequency as VF(B<2).""" Given the
frequency-squared dependence of absorption, which
resembles that of a vibrational density predicted by
Debye theory, it was concluded that the feature
originates from disorder-induced coupling of the far-IR
radiation to a density of low-frequency Debye modes.
More recently, it was shown by Taraskin et al. that the
VDOS of all disordered materials follows a universal
frequency dependence in this spectral range, which can
be resolved into two phenonema: (i) coupling to VDOS
and (ii) fluctuating atomic charges in the sample.'®

Reid and Evans measured the spectra of supercooled
liguids and glasses of decalin solutions using far-IR
spectroscopy and observed an absorption feature in the
terahertz region. They referred to it as a y process,
following the terminology used in the dielectric spec-
troscopy community for the o and P relaxation processes
at lower frequencies.''® Although the frequency of this y
process matches that of the coupling of radiation to a
low-frequency Debye mode in inorganic glasses, there
are two major differences between these two processes.
First, the y process exhibits a well-developed peak in the
absorption spectra, in contrast to the Debye mode, which
typically clearly resolves only when plotted as
frequency-squared absorption. Second, the 7y process
is not temperature independent. The spectra clearly
demonstrate the difference in temperature dependance
between the relaxation processes—as the solutions are
cooled, the dielectric relaxation moves from the giga-
hertz region to the low end of the experimentally
accessible frequency window; in contrast, the y process
remains in the terahertz region and shifts slightly toward
the higher frequencies.

It is important to clarify the term Boson peak because
it is used somewhat inconsistently across different
communities and can lead to confusion. Raman, Bril-
louin, and neutron-scattering studies revealed the
existence of an excess in Debye density of states,
commonly referred to as the Boson peak. However, in
the literature the term Boson peak is often used for the
entire peak that originates from the density of states, not
only to its excess. The actual Boson peak—the excess in
VDOS above the Debye level—is typically observed
around 2-5 meV (0.5-1.2 THz), and its origin is still not
fully understood. Although there is evidence that it can
be explained by acoustic vibrations alone,'?° Ruffle et al.
argued that, in many cases, a good agreement between
theory and experiment can achieved only by also
including non-acoustic vibrational modes.’™' A recent
study of the Boson peak in sorbitol revealed that its
center frequency is around 1.1 THz and that it decreases
in intensity, but does not shift in frequency, on cooling,
and Ruta et al. argued that the Boson peak can be
explained in terms of acoustic vibrations alone.'?? If this

(A) v(cm™)
- 10’ 10°
10 : L) L) L} L ) I L] L) L] L L} L )
E Sorbitol
- 310K
=
=w
10"
1 1 M T AT | 1
10" 10°
(B) v (THz)
} Libration-vibration motions {
Decoupling Molecular relaxations L

{(independent of m

067T Z
g

5 .

JG-p

0.5 T 1.0

Fic. 6. (A) Comparison of dielectric losses at terahertz frequen-
cies as obtained by dielectric spectroscopy (data points, from
Kastner et al.’’°) and terahertz spectroscopy (solid lines, modified
from Sibik et al.’??) for sorbitol at 270-310 K. (B) Schematic of the
thermal decoupling process of the molecular relaxation processes
from the VDOS, or microscopic peak, in supercooled hydrogen-
bonded liquids (modified from Sibik et al.’*).

is true, it is reasonable to expect no contribution of the
Boson peak to terahertz radiation.

With the advent of THz-TDS, it has become possible to
directly access terahertz frequencies experimentally. In
comparison to conventional dielectric spectroscopy,
THz-TDS has some advantages, such as that it is a
noncontact method and that measuring spectral data
over a broad temperature range is straightforward. Sibik
and coworkers showed that the absorption of sorbitol is
close to zero at 0.7 THz at temperatures well below the
glass transition temperature, which is in agreement with
the work by Ruta et al. and further supports a non-optical
origin of the Boson peak in the case of sorbitol
glass.123'124

While a number of studies have been used to
characterize inorganic glasses using THz-TDS'25126
where it was possible to resolve the charge distribution
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and to observe the loffe-Regel transition,'?”128 the
properties of hydrogen-bonded glasses at teraheriz
frequencies have only recently attracted attention.
Zeitler et al. demonstrated that in situ THz-TDS can be
used to study both the relaxation and crystallization
processes of small organic molecules in the amorphous
state.’®® Following the same principle, Mcintosh et al.
investigated the water-vapor-induced crystallization of
amorphous lactose,’ and Sibik et al. investigated the
spectral changes associated with the onset of crystalli-
zation in supercooled paracetamol.’! Very few experi-
mental studies have investigated the relaxation
processes of polymers using THz-TDS. Thus far, only
Wietzke et al. described the effects of the glass transition
in weakly absorbing polymers and how the refractive
index changes as the material turns from a rubber into a
glass.’® For the polyalcohols (glycerol, threitol, xylitol,
and sorbitol) as well as sorbitol-water mixtures, Sibik
and coworkers investigated the decoupling of the
dielectric relaxation processes from the VDOS (Fig. 6B)
as the sample materials were cooled from a supercooled
liquid to a glass and further to temperatures well below
Tg-123’124

Three universal features were observed in the
dielectric losses (Fig. 6a): (1) at temperatures well below
the glass transition, is a temperature-independent VDOS
peak, which persists into the liquid phase and which has
been identified as being due to librational-torsional
modes. (2) For 0.65 Ty < T < Ty, an additional thermally
dependent JG P relaxation process was observed. Clear
spectroscopic evidence was found for a [ glass
transition at 0.65 T4, which is not related to the fragility
of the glasses and which appears to be a universal
feature of hydrogen-bonded glasses. (3) At temperatures
above T, the o relaxation processes dominated the
spectra. In addition, Sibik et al. highlighted that the
thermal changes in the losses at terahertz frequencies
originate from a universal change in the hydrogen-
bonding structure of the samples.?

Liquid Crystals. At this point, it is interesting to note
that recently several groups have considered the
properties of liquid crystals (LCs) in the terahertz
frequency range. Liquid crystals are a distinct phase of
matter occuring between the (isotropic) liquid and
crystalline states (of which there are various subphases,
such as nematic, smectic, and cholesteric). In contrast to
an isotropic state, which by definition has no long-range
order, and the crystalline states, which have long-range
periodic order in three dimensions, LCs are in the
middle, containing some degree of alignment. This
degree of alignment, combined with the anisotropy of
the molecules (they are normally long and thin), leads to
an anisotropy in the observed parameters, including
birefringence and dielectric anisotropy. These proper-
ties have led to researchers finding LCs enormously
useful in display technologies in the past half century
because the refractive index can be precisely controlled
using electric or magnetic fields, allowing the light
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propagation to be manipulated.'®® As terahertz technol-
ogies have become more mature, groups have begun to
investigate the properties of LCs in this low-frequency
region to evaluate whether they may be as useful in
developing terahertz-frequency optical devices.

Early measurements of the terahertz properties of LCs
were on pure materials such as 4-(trans-4’-pentylcyclo-
hexyl)-benzonitrile (PCH-5),'%* and 4-cyano-4'-n-pentyl-
biphenyl (5-CB), 4-cyano-4’-n-hexylbiphenyl (6-CB), 4-
cyano-4’-n-heptylbiphenyl (7-CB), and 4-cyano-4-n-octyl-
biphenyl (8-CB).'35-138 While the terahertz birefringence
for PCH-5 was found to be much smaller than at optical
frequencies, the cyano-biphenyl (CB) family of LCs were
generally observed to display birefringences at terahertz
frequencies that were similar to (or slightly smaller than)
optical frequencies, and as the temperature approaches
the clearing temperature (i.e., the LC—isotropic transi-
tion), the ordinary and extraordinary refractive indices
were observed to converge to a single value, normally
closer to the ordinary refractive index than the extraor-
dinary. In general, the absorption was found to be
relatively low, on the order of 10 cm~', and increasing
with frequency, with the ordinary absorption coefficient
being higher than the extraordinary absorption coeffi-
cient.’¥"138 This increase and anisotropy in absorption
coefficient were attributed in these LCs to torsional
motions of the phenyl rings along the short molecular
axis, often called Poley absorptions.'3°

Despite the usefulness of probing pure materials,
many LCs are actually mixtures, the compositions of
which are kept secret. As a result, much recent research
has been done on these mixtures, including E-7, BL-037,
RDP-94990, RDP-97304, and negative dielectric anisotro-
py materials MLC-7029 and MLC-1808."4%-143 |n particu-
lar, efforts have been made to find high-birefringent
materials because, otherwise, very thick LC cells are
required, which result in switching times in the hundreds
of seconds. At the same time, absorption can become
significant at the potentially millimeter thicknesses
required for terahertz optical devices, making the choice
of LC mixture an important consideration.

Ultrabroadband spectroscopy is a key advancement in
the area of understanding the terahertz optical proper-
ties of LCs because it allows the rotational and other
intramoleculer vibrations that appear in the high-
terahertz-frequency region, the tails of which dominate
the more commonly accessed low-terahertz-frequency
region, to be observed and characterized. Vieweg et al.
studied 5-CB using an ultrabroadband terahertz spec-
trometer and performed computational calculations on
the molecule.’ They demonstrated that, above 4 THz,
the spectrum is dominated by strong intramolecular
vibrational modes, particularly in the ordinary orienta-
tion. They observed significant discrepancies in their
calculations below 3 THz, however, and attributed this to
disorder-induced coupling between the electromagnetic
field and the VDOS, similar to the loffe—Regel transition
observed in inorganic glasses.'?®
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FiG. 7. Terahertz spectra of all-trans retinal (adapted from Walther
et al.’#%),

CRYSTALLINE SYSTEMS

In contrast to the monotonically increasing and
relatively featureless spectra that are observed at
terahertz frequencies for liquids and amorphous mate-
rials, in crystalline solids distinct spectral features can
be measured using terahertz or low-frequency Raman
spectroscopy. Compared to the vibrational modes that
are observed at higher frequencies in the IR and NIR, the
nature of the fundamental modes that are observed
below 10 THz are more complex in that they are often
strongly influenced by coupling between intramolecular
and intermolecular modes, albeit for the most rigid
molecules, and are much more sensitive to intermolec-
ular interactions, particularly for hydrogen-bonded mo-
lecular crystals given that the hydrogen-bonding energy
falls directly into the photon energy of terahertz
frequencies.

Probing Static Systems. The early work on crystal-
line systems using THz-TDS focused on biomolecular
systems such as isomers of retinal, where the use of the
different molecular structures allowed researchers to
propose tentative assignments to the features observed
in the terahertz spectra. Walther et al. concluded that the
feature that occurs at 54 cm~' (highlighted with a star in
Fig. 7) in all three isomers is localized to the phenyl ring,
whereas the 47 cm™' feature that was strongest in the
all-trans isomer (highlighted with a cross in Fig. 7) is
localized in the terminal part of the chain.'® Later work
from Walther and coworkers considered a series of
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Fic. 8. Terahertz spectra. (A) bL-Tartaric acid measured at 293 K
(purple solid line) and 110 K (gold dashed line). (B) L-Tartaric acid
measured at 293 K (purple solid line) and 110 K (gold dashed line).
Clear differences are observed between the two spectra, particu-
larly at lower temperatures at which the various vibrational modes
are further resolved.

different conformers of saccharides, and in this case,
they concluded that the observed spectral features were
due to noncovalent, intermolecular bond vibrations.'® In
fact, intermolecular interactions play an important role in
the observed terahertz spectra of many crystalline
materials. For example, the terahertz spectra of crystal-
line chiral and racemic forms of tartaric acid are shown
in Fig. 8. Despite the identical chemical composition, the
terahertz spectra are very different due to the differences
in the crystal structure that arise as a result of the
different chiral forms used. This sensitivity to intermo-
lecular arrangement arises from the energies and length
scales that the terahertz frequency range probes, and
because the crystal structure has an effect on the
physical properties of a material, this information is of
interest, particularly in the area of pharmaceutical
research.

The identification of polymorphs, in particular, has
been extensively studied using THz-TDS. Polymorphs,
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different supramolecular crystalline structures of the
same molecule, are of interest in the pharmaceutical
industry because of the changes these polymorphs can
give to the physical properties of the materials, including
melting points and solvation ability. However, because
the different polymorphs are chemically identical, high-
frequency techniques such as mid-IR and conventional
Raman spectroscopy reveal only subtle differences,
whereas the low-frequency techniques, such as THz-
TDS, probe the differences in the intermolecular bonds
that result from these different crystalline structures.
Some of the earliest work in this area by Strachan and
coworkers showed that the crystalline species of
carbamazepine (CBZ), enalapril malaete, indomethacin,
and fenopropen calcium were all different due to their
differing lattice vibrational modes. Furthermore, the
crystallinity and loadings of these different materials
could be quantified using a partial least squares
technique.’”-1® At about the same time, work by
Upadhya et al. focused on different forms of saccharides
and found that the unit cell structure and precise
chemical composition of the saccharide altered the
terahertz spectra.’®'%0 Soon after, quantitative mea-
surements of amino acid concentrations in mixtures
were demonstrated, and researchers were able to
identify with high reproducibility which amino acids
were present and in what proportions.'5’

Polymorphic screening, in particular, has become a
popular test using low-frequency Raman spectroscopy.
Prior to this relatively recent surge in low-frequency
Raman spectroscopy there were a number of studies of
the spectral properties of hydrogen-bonding systems, as
reviewed by Colaianni and Nielsen.’® Raman-active
bands below 200 cm~' were shown to provide reliable
information for characterizing the solid forms of oxcar-
bazepine and chloropropamide, and following the tem-
perature-induced phase transformation of olanzapine,’®3
although the isolated molecule calculations used strug-
gled to reproduce the experimental results below
70 cm~'. Organic semiconductors such as a-quaterthio-
phene have also been shown to contain Raman-active
phonon modes, and the low- and high-temperature
polymorphs were characterized, giving insights into the
relative stabilities of the two structures.’ Chemometric
analysis of mixtures, such as the work by Lamshoft et al.
studying n-component mixtures of sulfonamides,’® have
demonstrated that techniques commonly used in the mid-
IR region are also applicable to this frequency region.
The majority of recent studies, however, have focused on
semi-qualitative chemical fingerprinting, with demonstra-
tions of active pharmaceutical ingredient (API) specificity,
including chemicals such as CBZ;'%%-'%8 jbuprofen,
aspirin, and paracetamol (acetaminophen);'®® caffeine,
theophylline, and apixaban;'®® paracetamol, flufenamic
acid, and imipramine hydrochloride;'®® and respirable
powders.'®" For CBZ, the Raman intensity increases
markedly below 200 cm~', which has been tentatively
attributed to the large change in polarizability for these
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vibrations, derived from changes in the o—-m back-
bonding between the amide and aryl groups.'® This
observation appears to hold true for many of the other
APls investigated as well, in which an approximately
fivefold increase in Raman intensity is seen when
comparing the low-frequency region (10-400 cm~") and
the fingerprint region (400-1600 cm~1).189 Whether this is
a result of large changes in polarizabilities due to the
presence of n-bonding rich moieties in many APIs or a
more fundamental characteristic of low-frequency Raman
is unclear at this stage.

Aside from probing the structural effects resulting
from different chemical forms, Yamaguchi et al. used
THz-TDS to investigate the effects of the enantiometric
form of materials on the terahertz spectra for alanine.’®?
Although the b- and L- (i.e., chiral) forms were found to be
very similar, with reported absorption bands at 74.4 and
85.7 cm~', only a single band at 41.8 cm~" was observed
for the bL- (i.e., racemic) forms. What is significant,
however, is that, even though both the chiral and
racemic structures are similar to each other in both cell
dimensions and predicted structures, their terahertz
spectra differ greatly in agreement with previous studies
based on low-frequency Raman spectroscopy.'®® To test
this sensitivity at the logical limit, Parrott et al. studied
two cocrystal systems containing structurally and chem-
ically identical cocrystals that exhibited different physi-
cal properties (e.g., melting points).’™® The difference
between them was the enantiometric composition of one
of the cocrystal formers; in one case the chiral form was
used, whereas in the other case the racemic form used.
The cocrystals, formed of theophylline (Tp) and either the
L- or pL.- form of malic acid, had very similar X-ray
powder diffraction (XRPD) patterns due to their essen-
tially identical unit cells (see Fig. 9A), yet the terahertz
spectra of the two cocrystals were very different,
particularly at low temperatures (Fig. 9B). Computational
studies suggested that one of the two malic acids in the
chiral cocrystal is strained, leading to a broken
symmetry in the energy of the system. Consequently,
there are many more vibrational modes for the chiral
cocrystal than for the racemic cocrystal, despite their
similarity in structure.

Further examples that both demonstrate the high
sensitivity of THz-TDS for supermolecular structure and
explain this sensitivity at the molecular level by means of
computational techniques (as discussed in more detail in
the next section) are the recent studies by Delaney and
coworkers on the conformational disorder in irbesar-
tan’®® and on the interplay between conformational
strain and cohesion binding that was found to play a
key role in the stability of gabapentin polymorphs'®® as
well as aripiprazole,™ and by Pellizzeri et al. on how
THz-TDS can play an important role as a complementary
technique to X-ray diffraction in the characterization of
new polymorphs.’®® Succinonitrile forms a plastic crystal
that is flexible and exhibits strong disorder in its
crystalline phase at room temperature but that can be
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Fic. 9. (A) The XRPD patterns for (Tp)s(L-malic) (bottom, gold
dashed line) and (Tp)« (pL-malic) (middle, purple solid line), and the
difference between them (top, black dashed line). (B) Terahertz
spectra at 110 K (data from Parrott et al.’%%).

“frozen out” at lower temperature, leading to a much
more ordered, rigid-crystal phase that exhibits distinct,
albeit broad, spectra features at terahertz frequen-
cies.'® This study made a nice connection among the
spectra originating from well-defined crystal structures;
slightly disordered systems such as benzoic acid, where
symmetry breaking is observed;'° and the even more
disordered LCs discussed earlier.’* The data indicate
that the terahertz vibrational modes broaden with
increasing disorder in the intermolecular interaction
compared at the same temperature (i.e., independent of
the effect of kT compared to hv). Crystalline disorder
forms a continuum from well-defined relatively narrow
peaks that are detected for the most-ordered structures
such as single crystals™" or thin films'72-177 all the way
to the complete breakdown of the vibrational modes into
the VDOS (as discussed in the section on Mesoscopic
Structure and Dynamics for amorphous samples) or as a
result of polymerization.’”® For example, using crystal-
line and amorphous poly(3-hydroxybutyrate), Hoshina

and colleagues’”®'82 and Yamamoto et al.'®3 studied this

effect on a polymer system by combining far-IR spectra,
low-frequency Raman spectra, and computational meth-
ods.

Although THz-TDS makes it possible to probe the
structural and energetic changes in the crystalline
lattice, it is generally not possible to elucidate informa-
tion on the actual structure of the system directly from
the terahertz spectra; unlike in the mid-IR, particular
frequencies do not correspond to specific structural
motifs. In general, powdered samples pressed into
pellets are used to measure the terahertz spectral
properties of a given crystalline compound. In these
cases, the crystals are assumed to have a random
orientation, and so the vibrational eigenvectors are
assumed to be integrated equally along all orientations.
However, because the terahertz radiation from emitters
is generally polarized in one orientation,’®*185 jt is
possible to measure the orientation dependence of the
terahertz modes if a single crystal of the material can be
grown large enough. Rungsawang et al. demonstrated
this using single crystals of L-cysteine and L-histidine,
and they observed large differences in the spectra as the
single crystals were rotated.'® A similar approach,
together with computational methods, was used by Singh
et al. to better understand the nature of the vibrational
modes that can be observed at terahertz frequencies.®
In addition, by spatially separating molecules in meso-
porous silicates and comparing the spectra acquired
from the spatially separated molecules with the mea-
surements from the polycrystalline sample powder,
Ueno et al.’ and Ueno and Ajito'® showed experimen-
tally that some of the modes observed in the terahertz
spectra clearly are intermolecular.

Probing Reaction Dynamics. Given the sensitivity of
terahertz spectroscopy to both structural and energetic
changes, the obvious extension to its use in crystalline
systems was to study solid-state transformation pro-
cesses. In principle, terahertz spectroscopy can be
employed to follow any solid-state transformation, with
time resolution being the single largest practical limiting
factor (currently tens of seconds). As rapid-scanning
systems improve, this will become less of an issue.
Studies to date have mostly focused on reversible
reactions that can have their reaction rates limited and
controlled through external parameters such as temper-
ature and humidity. Liu and Zhang'®® demonstrated the
ability to use THz-TDS to follow the dehydration reaction
of p-glucose monohydrate at various temperatures. By
monitoring the growth of an anhydrate feature at 1.4 THz,
it was possible to probe the kinetics of the particular
reaction. In this case, the two-dimensional phase-
boundary-controlled reaction was found to be the model
that most closely resembled the observed kinetics (see
Fig. 10), representing the egress of water from the
crystalline system. Zeitler and coworkers probed the
phase transformation of CBZ using THz-TDS."®"192 The
transformation of CBZ from form Il to form | was
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Fic. 10. Terahertz spectra of the anhydrate (purple solid line) and
monohydrate (gold dashed line) forms of p-glucose. Inset: the
resulting kinetic model fits at different temperatures. (Adapted from
Liu and Zhang."%%)

observed at 433 K, and the growth and decay of the two
forms were followed by observing the change in the
terahertz spectra (Fig. 11A); in particular, a simple
principal component analysis (PCA) was used to
measure the percentages of form Ill and form | at any
point during the reaction. They observed that the
fractions of form Ill and form | did not change at the
same rate, evidence that the reaction involved a
sublimation phase (see Fig. 11B).

The same group also investigated the complex
polymorphism of sulfathiazole and the solid-state phase
transitions between the different forms. Polymorphs |
and Il were easily distinguished from forms [lI-V using
mid-IR spectroscopy; however, it was not possible to
differentiate among forms Ill, IV, and V using FT-IR
spectroscopy. In contrast, X-ray diffraction techniques
should distinguish the different forms in principle but,
due to preferred orientation effects, this was almost
impossible in practice, as outlined by Threlfall."®® It was
possible to easily distinguish among all five polymorphs
that were studied using both THz-TDS and low-frequency
Raman spectroscopy.'®4

Low-frequency Raman spectroscopy has been used to
investigate solid-state transformations, usually as part of
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Fig. 11. (A) Terahertz spectra of form | (purple solid line) and form

Ill (gold dashed line) CBZ. (B) Percentage of the polymorphic form
in the solid state, derived from the PCA analysis of the terahertz
spectra. (Adapted from Zeitler et al.’%?)

a crystallization from an amorphous form. The crystalli-
zation of indomethacin, paracetamol (acetaminophen),
and caffeine from their amorphous states have been
probed using low-frequency Raman spectroscopy.'®5-1%7
In the case of indomethacin, low-frequency Raman
measurements indicated that amorphous indomethacin
prepared via cryogrinding partially crystalized to the y
form at room temperature, well below the glass transition
temperature of 43 °C, and that the peak evolution fitted a
site-saturation and two-dimensional growth mecha-
nism.’®® Furthermore, pressure-dependent low-frequency
Raman measurements of the y form showed that the
phonon peaks in this region shifted to a higher frequency
with pressure, confirming the higher-frequency results



suggesting that the crystal was moving into a denser
phase. Furthermore, continued grinding broadened the
phonon modes, suggesting a disruption of the dimer
chains and the onset of amorphization.'®” Most recently,
the polymorphic transformations of caffeine from the
amorphous state were studied in more detail.’®® Caffeine
exists in two crystalline versions: form | and form Il
Using low-frequency Raman spectroscopy, form | was
observed to transform into another metastable state on
moderate pressurization. This was the first time such a
state had been observed, due to the rapid-acquisition
characteristics of Raman spectroscopy. Further pressur-
ization results in a disordered state, suggesting pres-
sure-induced amorphization.

Sibik et al. showed using paracetamol that THz-TDS
can be used to investigate the crystallization and
subsequent phase transformations, starting with the
supercooled phase of paracetamol.”® Due to the high
sensitivity of THz-TDS to intermolecular interactions, it
was possible to determine the onset of crystallization
very precisely and quantify the crystallization kinetics.
Following the crystallization into form Ill, further phase
transitions to forms Il and | were observed before the
sample melted. Using the slightly higher band width on a
far-IR spectrometer, Suzuki et al. showed using cyclo-
hexanol that the phonon spectra can be used to
determine the kinetics of complex isothermal phase
transitions at temperatures up to 230 K.'®® At higher
temperatures, the SNR that can be achieved using
bolometric detection was likely to decrease and the
TDS method was more suitable, although the specitral
band width would be significantly smaller. Rather than
inducing crystallization through heating, Mcintosh et al.
exposed amorphous lactose to a high relative humidity
and monitored the crystallization process unsung THz-
TDS. 30

Apart from following solid-state transformations, it is
possible to follow solid-state reactions if there are
observable absorption features in either the initial or
final products. Furthermore, it is possible to observe
intermediate states and therefore to elucidate some
understanding of the reaction mechanism itself. Ge et al.
monitored the crystal transformation of a mixture of p-
benzoquinone and p-dihydroxybenzene to quinhydrone,
although the quantitative analysis was complicated by
the multiple overlapping features of the reagents and
products, no doubt due to the similar structures of the
reagents.?’° Quantitative analysis was possible for the
co-crystallization reaction of phenazine and mezaconic
acid, which were specifically chosen by Nguyen et al.
because the reagents were relatively featureless around
1.2 THz, where a large co-crystal product peak is
located.??’ By following the evolution of this peak, the
researchers surmised that the mechanical action of
grinding resulted in an amorphous phase that recrystal-
lized upon standing for a number of days to the pure
crystalline cocrystal product. Liu et al. monitored the
reaction between L-tartaric acid and sodium carbonate
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FiGg. 12. Terahertz spectra of the intermediate (gold dashed line)
and final cocrystal (purple solid line) of the theobromine—oxalic
acid cocrystal, with the growth/decay of features highlighted using
arrows. Inset: Evolution of the peak areas with times for the
features centered at 1.75 THz (gold triangles) and 2.34 THz (purple
squares).

monohydrate by following the decrease in the L-tartaric
acid feature at 1.08 THz; in contrast, the product was
relatively featureless.?®® By considering a number of
kinetics models, the authors concluded that the reaction
followed a three-dimensional diffusion mechanism.
Recently, the present authors considered the solid-state,
mechanically activated reaction between theobromine
and oxalic acid that had been observed to be moisture
sensitive. A clear intermediate state (see Fig. 12) is
observed to transition to the final state during approx-
imately 400 min of standing in a humid environment post-
grinding. Through the use of kinetics models, the authors
proposed a moisture-mediated reaction mechanism for
this reaction. These measurements represent initial
exploratory tests of the potential of terahertz spectros-
copy; in situ reaction monitoring may provide a useful
application of the technology in the future.

Beyond Phase Transformations. The specific fre-
quency range of terahertz radiation means that it is
accessing low-energy inter- and intramolecular vibra-
tions. The information contained in this range can have a
bearing on the specific physical properties of the
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materials. One example of such a situation is fluores-
cence. A fluorescent material generally absorbs light
energy of a particular wavelength and then emits this
energy at a different frequency. However, competing
with this radiative energy transfer are other energy-loss
mechanisms, which can include low-frequency rotations
of the molecule. One such family of materials that exhibit
this trait are known as aggregation-induced emission
(AIE) molecules, which increase the strength of the
fluorescence intensity upon aggregation. To understand
the underlying mechanism for this, Parrott et al.
measured the fluorescence (also known as photolumi-
nescence [PL]) intensity of tetraphenylethylene (TPE)
with temperature in the solid state.?°® We found that the
terahertz spectra changed remarkably between low and
high temperatures (see Fig. 13), although no phase
transformation was observed using other techniques.
X-ray diffraction studies suggested a small change in the
unit cell occurred between low and high temperatures,
but with no further information between the two
extremes, little could be gleaned from these data.
However, by comparing the relative strengths of absorp-
tion features in two areas of the terahertz spectrum, the
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authors were able to observe a remarkable correlation
between this relative strength and the PL intensity.
Computational studies linked these vibrations to intra-
molecular vibrations, thereby helping to explain the
mechanism of AIE. In particular, this result highlights the
growing importance of using computational techniques
to interpret the observed terahertz spectra; therefore, it
is not surprising that in recent years many publications
in the area of crystalline terahertz spectroscopy have
focused on the computational techniques used to
understand them.

COMPUTATIONAL TECHNIQUES

The computational techniques employed in terahertz
and low-frequency Raman spectroscopy are used to
calculate the vibrational modes of a solid and have
grown out of a branch of computational chemistry that
stems from the initial release of Gaussian in the 1970s. In
the mid-IR region, the Gaussian computer program uses
ab initio methods to estimate the vibrational frequencies
of a molecule and the corresponding IR and Raman
intensities. Because the computational power required
scales to the power of the number of atoms, this
technique uses a single-molecule representation (i.e.,
the gas phase) to limit the time it takes to perform the
calculation. At IR frequencies, this has little effect on the
accuracy of the calculated modes in the solid state
because the vibrational modes are limited to high-
frequency intramolecular bond stretches, such as the
broad O-H bond stretch found around 3000 cm~'.
Initially, computational investigations accompanying
terahertz spectroscopic measurements were confined
to single-molecule treatments, such as Chen et al. on
2-4-dinitrotoluene,?®* Ning et al., on methamphet-
amine,?®® and Rungsawang et al. on amino acid single-
crystal measurements.’™® However, even these early
studies highlighted the inherent weakness of single-
molecule calculations when considering a solid crystal-
line state—the lack of treatment of intermolecular
interactions. For example, using the THz-TDS spectra
of cysteine three modes were observed between 40 and
93 cm~', yet Gaussian predicted only a single feature.8®
As Tomerini and Day explained in their recent article,2%®
the use of single modes to explain the origin of features
in the terahertz spectrum can be dangerous. A classic
example is the analysis of the low-frequency modes of
3,4-methylenedioxymethamphetamine (MDMA, or ecsta-
sy) performed by Allis et al.?’” and Hakey et al.,?®® in
which three modes at 37.0, 59.3, and 86.6 cm~' were
identified from the experimental spectrum. Isolated-
molecule calculations yielded very similar modes,
attributed to internal torsional, bending, and rocking
modes, which might be erroneously attributed to the
observed spectrum. A crystal calculation found similar
mode frequencies, but the origins were very different:
the two lowest modes were assigned to rigid molecule
rotations and translations, intermolecular vibrations. The
intramolecular vibrations observed in the single-mole-



cule calculations were found to shift out of this frequency
range due to coupling with the crystal environment.
Consequently, due to the low energy of the terahertz
region and the propensity for intermolecular interactions
to dominate the vibrational response, either as a direct
motion or through coupling to intramolecular modes,
researchers should resist the convenience of using
single-molecule calculations to interpret terahertz-re-
gion spectra.

Therefore, to correctly calculate the terahertz spectrum
for a crystalline material, methods that consider the
molecular arrangement of the periodic structure and the
associated intermolecular interactions of the crystal must
be used. The technique that has received considerable
interest in recent years involves quantum mechanical
electronic structure calculations because all the relevant
forces must ultimately arise from the electrostatic
interactions between the electrons and nuclei of the
system. Density functional theory (DFT) is most common-
ly applied to perform this type of calculation, and a
number of techniques and programs exist that differ in
how they define the basis sets defining the electronic
density. These may either be localized basis sets (such
as the atomic-like orbitals used in DMol2°° and SIESTA,21°
and the Gaussian wavefunctions used in the CRYSTAL?""
package) or plane-wave basis sets (such as those
implemented in CASTEP2'2 and VASP?2'3). Examples
using all three types of functions have been published
in the terahertz literature, but the most commonly used
codes nowadays are CRYSTAL and CASTEP.

Allis et al.?%72 and Allis and Korter?'® published a
large body of research developing the use of numerical
techniques to calculate vibrational frequencies of crys-
talline materials in the terahertz region. High-explosive
materials, such as HMX,2™ PETN,2'® and RDX,2%” were
used as test beds of the importance of using intermolec-
ular interaction (i.e., solid-state) calculations instead of
isolated molecule calculations. For HMX and PETN,
Gaussian03 (isolated molecule) and DMol3 (isolated
molecule and solid-state) calculations were compared
to experimental spectra of the explosives, and in both
cases, the isolated-molecule calculations were seen to be
incapable of reproducing the observed spectral features;
solid-state calculations were required. Nevertheless,
despite its relative speed (through the use of atomic-like
orbitals), DMol3 has a drawback in that it is unable to
effectively calculate the vibrational intensities. Conse-
quently, later research by King et al.,?'® Hakey and
coworkers,?721® and King and Korter?'® has focused on
the use of CRYSTAL, with which they have successfully
predicted the vibrational frequencies and intensities at
terahertz frequencies for L- and bL-serine,?'® metham-
phetamine hydrochloride,?'” ketamine hydrochloride,?'®
and the anhydrous and dihydrate forms of oxalic acid.?™®
A major component of these studies is the determination
of the best density functional to use in the calculations.
The density functional is used to describe the electron
density of the system, and many (rather elaborate) forms

have been developed, which include a dependence on the
gradient of the electron density (generalized gradient
approximation) and can also include the exact exchange
energy as calculated from Hartree—Fock wavefunctions
(known as hybrid functionals). Nevertheless, there ap-
pears to be no hard and fast rule for determining a “best”
functional for terahertz spectral calculations because the
different approximations used in each functional can be
more or less important for a particular structure;
consequently, a poor choice of DFT functional can have
a large effect on the quality of the simulated spectrum.

Benzoic acid has been the molecule of choice for
comparisons of experimental terahertz spectra with
theoretical predictions from the CASTEP code,70:220-222
no doubt due to its well-formed intermolecular hydrogen-
bonding interactions. The CASTEP simulations have
reproduced the correct number of modes, mode strength,
and approximate positions, but they often (as in these
cases) slightly overestimate the vibrational frequencies
(due to the lack of treatment of anharmonicity). Moreover,
the benzoic acid dimer structure is actually an interesting
problem because two possible forms for the hydrogen-
bond dimer configurations exist. The mixing of these
forms is not necessarily ordered, and so it poses a
difficulty for DFT methods because the easiest way of
accounting for it is to increase the supercell, which
increases the computational time exponentially. In this
case, rigid-molecule approximations, such as DMAREL,
can produce a computationally cheap approximation to
the intermolecular modes.'7%:22%-225 Sych an approach can
be successful only if the molecules themselves are very
rigid because flexible molecules often result in significant
mixing of inter- and intramolecular modes.

Most recently, computational studies have focused on
calculating the degree of mode mixing, accounting for
particle shape and morphology, and incorporating
dispersion corrections.

Mode-Mixing and Morphology Effects Studies. The
quantum mechanical calculations that predict the vibra-
tional frequencies and intensities also produce the
displacement vectors for each motion. Using a technique
first employed by Jepsen and Clark®?° and expanded on
by later authors,??6227 we can break down these
displacement vectors into an intramolecular contribution
and an intermolecular translation and libration contribu-
tion.

The total root mean square (rms), mass-weighted
atomic displacement (ditairms) for each molecule (of
mass m;) for the particular vibrational mode is calculated
as:

dtotal,rms =

where 0; is the displacement vector for the ith atom,
obtained from the difference between the distorted atom
position rq; and the equilibrium position rg ;.
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The contribution of translational motion of the mole-
cule (dirans,rms) IS therefore:

N

1
dtrans.rms = dtotal,rms - N Z mi(rO,CoM,i —n ,CoM,i)z (8)
i=1

where ro,com,; and ri,com,; are the positions of each atom
relative to the molecular center of mass. Next, the
intramolecular contributions can be calculated by con-
sidering the rms difference between the equilibrium
structure and the distorted structure:

N

1
dintra,rms = Nz mi(rO,CoM.i - Uminr1 ,CoM,i)2 (9)
i=1

where Uni, is the optimized rotation matrix for the
distorted configuration ri,com,i. As a result, the intramo-
lecular contributions (Eq. 9) are known, and also the
intermolecular (dinter,rms = dtotal,rms - dintra,rms) and
rotational (drot,rms = dinter,rms — dirans,rms) contributions
can be determined.

An example of the characterization that can be
achieved using these techniques is shown in Fig. 14,
which clearly shows that while the higher-frequency
modes are dominated by the internal vibrations of the
molecule, the lower-frequency modes (4-9) are domi-
nated by intermolecular translation and rotation.??®8 A
similar result was observed by Williams et. al.??” in their
computational study (using SIESTA) of the L- and bL-
forms of valine, which show an increase in the
intramolecular character of the vibrational mode beyond
approximately 2.5 THz. Their extended follow-up study of
pL-valine and bpL-leucine again noted this increase, as
well as expanding on ways of visualizing the vibrational
character through use of a characterization strip to
further analyze the relative intramolecular contributions
to the motion from each functional group in the molecule.
Most recently, Zhang et. al. performed a similar
characterization on the calculated modes of adenine
and adenosine using CRYSTAL09.22° Although the
adenine dimer had a clear distinction between the
relative contributions of the translational-rotational
intermolecular motions and the intramolecular vibra-
tions (mode 46/~175 cm™"), the adenosine crystal
structure had relatively high contributions from the
intramolecular vibrations across the frequency range,
no doubt due to the high flexibility of the adenosine
molecule. Such a result shows that some systems can
have mainly intermolecular nature at low frequencies but
that this is system-dependent. In cases such as the
adenosine system, rigid-molecule calculations would be
unsuitable. Moreover, in all cases, low-frequency calcu-
lations must include intermolecular interactions.

An interesting aside should be noted here regarding
morphology effects. The computational calculations
calculate just the vibrational modes; however, many of
the sample preparations may produce polycrystalline
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(adapted from Burnett et al.??®) for the lowest 18 vibrational modes.
The change in mode character from inter- to mostly intramolecular-
dominated motion occurs around mode 10, which is around

100 cm~" in this material.

materials that have significant effects on the measured
terahertz response due to the structure of the material.
Although the effects are far reduced compared to the
preferred orientation effects in XRPD, nevertheless the
morphology of the sample can affect the relative mixing
of the various modes. Burnett et al. introduced an
effective medium approximation to the calculated
vibrational modes to account for particle size and
shape effects.??® The use of plate-like crystal shapes
had the effect of slightly shifting the relative positions of
the major observed teraheriz features, and they found
that a calculation based on a plate-like morphology
associated with the 101 crystal surface most closely
resembled the observed spectra. It will be interesting to
follow further investigations based on these morpho-
logical effects.

Dispersion Corrections. The key issue in improving
the predictions of the DFT approach is in improving the
approximation of the exchange-correlation potential.
Standard DFT-based lattice energy minimizations tend
to underestimate intermolecular interactions, in particu-
lar the dispersion interaction (the London dispersion
forces). Consequently, an energy-minimized unit cell
often ends up being a significant fraction larger than the
experimentally determined cell; in this case, the calcu-
lated intermolecular mode frequencies will be inaccurate
because the intermolecular spacing is now wrong.
Previously, the approach was often to artificially fix the
size of the unit cell, but more recently researchers have



tried implementing parameterized atom—atom terms to
model the dispersion interactions in a technique known
as DFT-D. This technique was used in the recent AIE
paper mentioned earlier,?°® and a number of researchers
are actively exploring the improvements that can be
made to the vibrational predictions in the terahertz
region. One of the earliest parameterizations were done
by Grimme,?%C and this is the technique most often used
in recent work. King and coworkers highlighted the
advantages of the DFT-D techniques in studies of (i) 1-
methylthymine, 9-methyladenine, and their 1:1 cocrys-
tal>®' and (ii) the pharmaceutical naproxen.?® In the
former study, the strength and positions of the vibra-
tional features matched the observed terahertz features
much more closely when the DFT-D technique was
employed, in particular for the cocrystal, which initially
had produced unfeasible imaginary frequencies for the
non-DFT-D technique, indicative of a non-energy-mini-
mum conformation in the calculation. The second study
highlighted one major issue with these parameterized
techniques—the choice of coupling strength. The authors
found that, by optimizing the scaling correction in the
DFT-D model, much better agreement could be found
between experiment and theory. This process (i.e.,
modifying the London force corrections to improve the
DFT-D model predictability) was further tested by
considering molecules that are purely dispersion bound:
napthalene and durene.?®® Again, through modification
of the scaling correction, they were able to accurately
model the experimentally measured vibrations, high-
lighting the improved ability to account for the dispersion
interaction that this technique allows.

Current efforts focus on developing a reliable method
to improve the strength of the dispersion term, either
through modified techniques to estimate the scaling
correction®®423% or through alternative parameter-free
terms?2%6.237 that employ alternative correction
schemes.?*® Currently these techniques are challenging
to reliably implement in commercially available DFT
packages, but given the ongoing development of the
technique as well as the complicated coupling between
intra- and intermolecular motions,?®® they will soon filter
through for more mainstream use.

APPLICATIONS

Reviews of industrial applications of terahertz spec-
troscopy have focused on either the applications of
terahertz pulsed imaging?*° or the security applications
of millimeter and terahertz technologies.?*' There have
also been recent studies on the direct application of
terahertz spectroscopy (as opposed to imaging) to a
number of potential industrial applications.

Potential polymer applications were reviewed by
Jansen et al.®*? and Wietzke et al.,?*® demonstrating
uses of terahertz spectroscopy in the monitoring of
compounding processes, inspection of weld joints, and
birefringence analysis of fiber-reinforced components.
Qil mixtures have also been investigated; it was found

that the refinements of different fractions of crude oil
could be quantitatively analyzed using THz-TDS, raising
the possibility of inline checks of stored petrochemi-
cals.?#

In the pharmaceutical industry, terahertz imaging
applications have been very popular in measuring the
thickness and distribution of polymer film-coating struc-
tures.?4© Moreover, in addition to the analysis of the
molecular interaction between drug molecules and
formulation, as outlined before, there have been a
number of studies investigating the microstructure of
pharmaceutical tablets using transmission spectrosco-
py. Starting with the simple analysis of the shape of the
transmitted terahertz pulse through a tablet initial, Juuti
et al. were able to demonstrate that basic information on
the bulk porosity of such powder compacts can be
retrieved using THz-TDS.?*® This was later refined by
Tuonen and coworkers to account for scattering by
means of effective medium theory,?*247 and this was
demonstrated by Ervasti et al.2*® and Bawuah et al.?*° to
have sufficient sensitivity to be applied to real-world
industrial samples.

Conservation and historical art uses for terahertz
spectroscopy have also been an area of interest since
the pioneering work of Adam et al.?® For example,
Bardon et al. demonstrated the use of THz-TDS to
distinguish different historical black inks, depending on
their compositions, such as the ratios of iron(ll) sulfate
and tannic or gallic acid.?®' Historic plastics have also
been characterized, revealing that three-dimensional
THz-TDS has the potential to reveal both structural and
chemical information about the materials, thereby aiding
in conservation efforts.?%?

Finally, the food industry represents yet another
potential industrial application of terahertz spectroscopy,
for which Gowen et al. present an excellent general
introduction.?%3 Moisture content is one obvious applica-
tion area for THz-TDS, given the strong interaction of
terahertz radiation with water; this has been demon-
strated in a quantitative study of food wafers, where
Parasoglou et al. noted a linear correlation between
transmittance and water content.2>* More recently, the
use of THz-TDS for chemical identification was demon-
strated by Baek et al. in detecting the presence of
melamine in food materials such as flour, milk powder,
and chocolate powder.2%® Although they stated that the
sensitivity was not high enough for the regulatory limits,
the ability of THz-TDS to pass through many packaging
materials made it an attractive detection tool for food
monitoring. Application of more sophisticated process-
ing algorithms may improve the sensitivity, as will the
development of a robust database of terahertz spectra
for dangerous contaminants.

CONCLUSION AND OUTLOOK

The ability to use THz-TDS to measure both the
amplitude and phase of the signal makes it a very
attractive technique compared to conventional far-IR
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spectroscopy; the terahertz spectra allow the seamless
merging of dielectric loss spectra with IR spectra, hence
bridge the terahertz gap in spectral analysis. In contrast,
low-frequency Raman spectroscopy has the distinct
advantage of having a much higher spectral band width,
which makes it possible to access the vibrational
response from terahertz to mid-IR frequencies in a
single measurement. Given that a low-frequency Raman
setup does not operate at terahertz frequencies and,
hence, is not limited to diffraction at wavelengths of
hundred of micrometers, a further advantage is that
much smaller samples can be measured. Nevertheless,
the common limitations of Raman spectroscopy in terms
of fluorescence and heat transfer from the excitation
laser to the sample also apply to low-frequency Raman
spectroscopy.

New techniques in the generation and detection of
terahertz radiation, such as the air-biased coherent-
detection (ABCD) methods developed from the genera-
tion of intense terahertz pulses in air through the use of
four-wave mixing techniques, have pushed terahertz
band widths out to 25 THz, finally bridging the gap
between low-frequency terahertz spectroscopy and
traditional IR spectroscopy.?®62% This greater band
width is now being used in spectroscopic studies,
providing crucial complementary information to the large
spectral band width of low-frequency Raman spectros-
copy. Such a complete picture of the vibrational
landscape will help to further refine the computational
techniques, thereby painting a fuller picture to under-
stand their behavior. Furthermore, ABCD provides
another route to stand-off detection at terahertz frequen-
cies, where propagation through the atmospheric water
vapor is traditionally an enormous challenge; 18 m
measurement distances were reported,?®® which could
have applications in the security industry. Not only the
greater band width but also the greater power of
terahertz sources will have a significant impact in the
field of terahertz spectroscopy. The ability to study
nonlinear effects and to excite matter in terahertz pump-
terahertz probe experiments will no doubt have an
enormous effect on the field as it further matures.?®°
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