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Abstract
Terahertz spectroscopy and density functional theory (DFT) calculations have been
used to study the dipeptide L-carnosine. In this paper, we expand the range of mate-
rials described with THz measurements and DFT calculations from amino acids
to dipeptides. Three clear resonances were detected in the experimental spectrum
at 1.5 THz, 1.9 THz, and 2.3 THz. Additionally, we performed periodic boundary
condition DFT calculations. The computational spectrum accurately reproduces the
experimental one.
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1 Introduction

In this paper, we present THz spectra of L-carnosine, a dipeptide. This dipeptide is
naturally occurring in muscles where it acts as a pH buffer [1, 2]. Furthermore, L-
carnosine is explored for its potential in therapeutics, targeting age-related illnesses
[3, 4]. As a dipeptide, it is an excellent model system to validate that DFT calculations
which were previously used to describe amino acids are valid for larger systems.

The range of materials that can be identified using THz spectroscopy is constantly
expending: covering artificial metamaterials [5–10, 10, 11], illegal drugs [12–14],
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explosives [13, 15], and organic molecular crystals [16–21]. Molecular crystals are
of crucial importance in pharmaceutical products as the crystallinity can have an
influence on the biochemical activity of these materials [22].

The measured spectral features can be used to identify the materials. However,
in contrast to IR spectroscopy in which a spectral feature can easily be assigned a
particular stretch or bend mode, THz resonances are delocalized over a large num-
ber of atoms within the unit cell. This delocalization makes it impossible to simply
assign a resonance at a certain THz frequency to a particular movement. While this
seems to be a disadvantage, it is actually one of the strengths of THz spectroscopy.
A delocalized mode is intrinsically sensitive to small and minor changes in the mate-
rial. For example, THz spectroscopy can be used to distinguish different polymorphs
[18, 23], or single atom replacements which are hard to detect with crystallographic
techniques [24].

Density functional theory (DFT) calculations are needed to understand these delo-
calized modes. These calculations have been performed for a large range of materials
[18, 23, 25–30]. The simplest systems studied are amino acid crystals made up of a
single amino acid unit [19, 23, 24, 31, 32]. Amino acids are an excellent model sys-
tem to explore the accuracy of THz–DFT calculations, and the insight gained from
them has significantly improved the accuracy of DFT spectra.

In recent years, more complex materials systems have been explored using a com-
bination of DFT and THz spectroscopy [17, 25, 27, 33]. Peptides are biopolymers
composed of two or more amino acids which form a chain. Naturally, their structure
and dynamics are more complicated than single amino acids, but it is now possible
to probe them experimentally and computationally.

This paper first describes sample preparation and THz spectrometer. Then, the
experimental spectra are presented. The next two sections describe the DFT methods
and results. The final section is the conclusion.

Fig. 1 a Molecular structure of L-carnosine. b Packing of the dipeptide in the unit cell. The unit cell is
visualized using Mercury, and the corresponding CCSD entry is BALHIS01[37]
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2 Sample Preparation and THz Spectrometer

β-Alanyl-L-histidine, common name L-carnosine, was purchased from Sigma–
Aldrich (purity 99% ). The structure and unit cell of this dipeptide are shown in Fig. 1.
The material was ball-milled for 3 min to ensure a micro-granular sample material.
The resulting powder was characterized using powder X-ray diffraction (PXRD) (see
Fig. 3) to confirm that the material is in fact crystalline and not amorphous. The
powder was then mixed with Teflon powder, purchased from Santa Cruz Biotechnol-
ogy. This powder was stored under dry air to minimize water content in the pellets.
The four pellets that were studied contained 31 ± 5 mg, 52 ± 5 mg, 85 ± 5 mg
and 101 ± 5 mg respectively of L-carnosine in approximately 1000 mg Teflon. After
mixing, the material was compressed at a pressure of 11 kbar for 2 s. The resulting
pellets had a thickness of 3.7 mm and a diameter of 13 mm.

The mixed pellet is mounted in a nitrogen sample-in-vapor cryostat with a tem-
perature control unit. The sample temperature is measured with one sensor below
the sample and one above. When both temperature sensors have reached the same
value, the measurement commences. The temperature range of the cryostat is 300 K
to 65 K, with an accuracy better than 5 K.

The cryostat is placed in a THz–time domain spectrometer (TDS)[34], and the
sample is placed at the focal point of the off-axis paraboloidal mirrors. The spectrom-
eter is based on a KM Labs Griffin oscillator emitting laser pulses centered around
810 nm, with a repetition rate of 90 MHz, an average power of 250 mW, and a pulse
length of sub 30 fs. This beam is split into THz generation and detection beams. The
generation beam is focused onto an interdigitated antenna (Batop GmbH), which is
biased with +/- 10 V square function with a modulation frequency of 4.2 kHz [8].
This frequency is used as the reference frequency for a lock-in amplifier (SRS-830).
The detection beam gates a dipole antenna with a 5-µm gap. The resulting bandwidth
covers the range of 0.2 to 3.5 THz. However, the cryostat uses Teflon outer win-
dows and quartz inner windows, which limits the high-frequency transmission and
truncates the useable spectral range to approximately 2.5 THz.

3 Experimental Results

For each measurement, the THz transmission without pellet and with pellet is mea-
sured. From these measurements, the complex-valued transmittance of the pellet is
determined. The transmission is then used to calculate the complex refractive index
npellet as described in detail in previous publications [23, 34]. This value, however, is
a property of the pellet and not the dipeptide itself.

The dipeptide properties are extracted from those of the pellet using effective
medium theory (EMT). In this case, Maxwell–Garnett EMT is used as follows [35]:

εpellet − εT

εpellet + 2εT
= f

εpep − εT

εpep + 2εT
(1)

with pep denoting peptide properties and T the properties of the Teflon host material.
f is the volume filling factor and we used n2 = ε for nonmagnetic material. In
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addition, we also applied the Bruggeman EMT theory [36] which yielded identical
results within the measurement uncertainty.

The absorption coefficient of L-carnosine is plotted in Fig. 2, for room temperature
(red line), at 100 K (purple line) and for 65 K (blue line). The shading around the
lines illustrates the standard deviation. The standard deviation is calculated based
on four different pellets, with different mixing ratios as listed in the Supplementary
Information. These samples were each measured at three different positions to verify
the homogeneity of the pellet.

The room temperature measurement shows three broad absorption features located
slightly above 1.5 THz, at 1.8 THz, and around 2.5 THz. The width of these features
makes a clear identification challenging. The width of these resonances is caused
primarily by thermal broadening. Room temperature (300 K) corresponds to thermal
photons of 26 meV≈6.3 THz. Therefore, the spectral features are not describing
transitions solely from the ground state of the resonant mode, but from thermally
occupied modes as well. As most potentials exhibit anharmonicity, the excitation
from the ground state (ν = 0) to the first excited state (ν = 1) has a slightly different
energy than an excitation from the first (ν = 1) to the second (ν = 2) excited state,
and so on. The measured absorption is an average over all transitions from occupied
states which causes the observed broadening.

The samples were then cooled down to 100 K, which reduces the thermal occu-
pation of excited modes. This freezing out of phonons results in a sharpening of
the resonant absorption profile (purple line). The spectrum at reduced temperatures
shows three clear resonances: One close to 1.5 THz, one slightly below 2 THz, and
one at 2.4 THz. To confirm the validity of these resonances, the sample temperature
was decreased again.

Fig. 2 Absorption coefficient of L-carnosine, determined from the transmission measurements using EMT.
The spectrum was collected at room temperature (300 K, red line) and at cryogenic temperatures (100 K
purple and 65 K blue). The absorption features are more pronounced at lower temperature as the thermal
occupation of the modes is decreased. The shading visualizes the standard deviation between four samples
and three positions on each of the samples
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The sample was cooled to 65 K using evaporative cooling, a technique in which
liquid nitrogen is sprayed into an evacuated chamber. The low pressure reduces the
liquid gas transition temperature and allows to reach temperatures below the boil-
ing point of nitrogen of 77 K. The low temperature spectrum clearly shows the
same resonances as in the one at 100 K. The peak positions of this measurement are
summarized in Table 2, which also presents the results of the DFT calculations.

4 Density Functional Theory CalculationMethods

Experimental THz spectroscopy is an excellent technique to probe low-frequency
modes of many different materials, including energetic materials in a non-contact
and safe manner [38], pharmaceuticals, and organic compounds [39, 40]. However,
detecting resonant excitations is only the first part of the story. The second part is to
understand the underlying atomic motions contributing to a particular mode. This is
challenging in the THz spectral range because a clear assignment is not possible as is
the case with IR spectroscopy. Ultimately, the experimentally observed absorptions
are best modeled with periodic boundary DFT calculations.

DFT spectral calculations begin with the atomic coordinates within the unit cell.
The crystal structure was previously reported (CCSD BALHIS01 [37]), and we con-
firmed the accuracy of this structure using powder X-ray diffraction (PXRD) (see
Fig. 3).

The structural parameters are imported into Siesta-4.0-530. Siesta (Spanish Ini-
tiative for Electronic Simulations with Thousands of Atoms) [41] is a free software
package providing an easy access to the field of computational chemistry with a
minimal financial burden. The software supports the optimization and energy min-
imization of solid-state materials utilizing periodic boundary conditions, as well as
providing the spectra of these materials.

Fig. 3 PXRD spectrum of ball-milled L-carnosine (blue line) compared to that calculated from the
structure determined after DFT optimization
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The THz calculations utilized vdW-DF-cx functionals [42], based on generalized
gradient approximation (GGA) level exchange–correlation functionals. These func-
tionals account for van der Waals (vdW) forces, which are extraordinarily important
for low-energy excitations, such as THz modes. The vdW forces are implemented
using the Lundqvist–Langreth nonlocal density–density interaction framework [43].
The system furthermore uses a triple zeta, doubly polarized (TZDP) basis set. (The
input files as well as the used pseudopotential are found in the Supplementary Infor-
mation of this manuscript). It is important to stress that functionals should always be
tested intensively with well-studied materials, before applying them to novel materi-
als [19, 23, 24, 44]. These tests should involve deuteration, and will also provide a
reasonable range for the scaling factors.

The first step of the calculation is to relax the geometrical parameters. The unit
cell parameters as well as the coordinates of the individual atoms are optimized to
minimize the energy and the remaining stress in the system [19, 31]. By definition,
this type of calculation is at a temperature of 0 K. Thus, all phonons in the system
are in the ground state; hence, it cannot reproduce the broadening observed in the
experimental spectra as a funtion of increasing temperature. The optimized structure
was within 1.6 % of the input geometry (see Table 1 for tabulated values). The
second step after optimizing the structure is to verify that the calculated geometry
is in agreement with the experimental one by comparing their PXRD spectra. These
are plotted in Fig. 3 where the blue line is for the experimental spectrum and the
black line is for the calculated spectrum. All features are reproduced, and other than a
systematic error due to sample position and/or thickness, there is excellent agreement
with the experimental data. The PXRD measurements verify that the material has
crystallized in the same polymorph as BALHIS01.

After the accuracy of the unit cell calculation has been verified, the THz spectrum
is calculated. This is done by first displacing each atom individually and calculating
the resulting force matrix, as well as the polarization matrix. The force matrix reveals
the mechanical resonances of the system. In addition to the calculated resonance
frequency, we calculate the IR intensity of the mode. This is achieved using the Berry
phase approach to calculate the macroscopic polarization [45]. Using the calculated
polarization, the Born effective charge tensor of each atom is calculated [46]. This

Table 1 Unit cell geometry of the original CCSD cell, and the DFT optimized cell

Balhis01 DFT Difference (%)

a (Å) 24.7 25.1 1.6

b (Å) 5.43 5.38 − 0.9

c (Å) 7.99 7.88 − 1.4

α (◦) 90 90 0

β (◦) 100.12 100.23 0.1

γ (◦) 90 89.99 − 0.01

V (Å3) 1056 1047 0.9
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tensor describes the dipole transitions upon photoexcitation and provides the THz
intensity of each mode [23, 45].

The structural optimization of L-carnosine took 3,840 CPU hours. The THz spec-
tra calculation, including the single atom displacement took 21,000 CPU hours in
total. Both calculations were performed on the Yale HPC cluster utilizing 20 GB
memory.

5 Density Functional Theory Calculation Results

The resonance frequency depends on the basis set and pseudopotentials chosen, and
DFT calculations often overestimate the resonance frequency [23–25, 39, 47]. It is
quite common to scale the frequencies by factors ranging from 0.9 to 1.05 [39, 47].
Therefore, to achieve a more accurate description of the experimental results, the
calculated frequencies were scaled by 0.9.

DFT calculations do not provide the width of the resonances. In general, this width
will depend on thermal broadening but also on crystal impurities and lattice defects.
Hence, it would be possible to choose an individual resonance width for each absorp-
tion feature. However, we present the results using the same fixed width of 0.25 THz
for each resonance to minimize assumptions and fit parameters. The experimental
spectrum measured at 65 K is plotted in blue along with the calculated one (black) in
Fig. 4.

We note an excellent agreement in the spectral range above 1 THz and up to
the noise floor of the spectrometer (2.5 THz). The three experimental peaks at
1.48 ± 0.02 THz, 1.93 ± 0.04 THz, and 2.27 ± 0.11 THz are reproduced in the DFT
calculations at 1.45 THz, 2.00 THz, and 2.42 THz, summarized in Table 2.

Fig. 4 Absorption coefficient of L-carnosine measured at 65 K (blue) compared to the results of the DFT
calculation (black). The calculated absorption frequency is scaled by a factor of 0.9, and the resonances
are convoluted with a Lorentzian function with a width of 0.25 THz. The dashed lines show the absorption
of individual DFT resonances
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Table 2 Comparison between experimental resonances and calculated resonance frequency

Experimental results DFT DFT inensity (cm−1)

1.40 THz 35

1.48 ± 0.02 THz 1.45 THz 128

1.9 THz 32

1.94 ± 0.02 THz 2.00 THz 336

2.3 THz 26

2.38 ± 0.05 THz 2.4 THz 73

2.48 THz 51

2.57 THz 129

2.61 ± 0.08 THz 2.7 THz 187

2.8 THz 883

The calculation also shows a very strong feature near 2.5 THz. This is caused
by the superposition of multiple modes at similar frequencies. In general, it is chal-
lenging to accurately reproduce broadening and resonance strength of all modes
simultaneously. Some modes are more sensitive to lattice defects and will broaden
more strongly than other ones. As no crystal is perfect, this will shift the relative
strength or width of modes compared to each other. This results in an overall over-
estimation of the high-frequency resonances, while the lower frequency ones are
captured accurately.

In addition to the three major resonances, there are many weaker resonances in the
simulation results which contribute to the broadening of the spectrum and shoulders
on some peaks.

Fig. 5 Illustration of the atom displacements evaluated at the 2 THz mode. This mode displaces essentially
all atoms within the molecule and unit cell, which is common for low frequency modes. For clarity, the
absolute value of the displacement vector is used, as represented by a sphere, and scaled up by a factor of
500
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As stated above, it is not possible to describe low-frequency THz modes as a rock
or bend or stretch, etc., as is done with IR modes. They all involve most or all of the
atoms in the unit cell. There are a number of ways to interpret and compare these
modes, however [19, 24, 31].

One is to plot the atomic displacements at a particular resonance frequency, as
done in Fig. 5. Many authors display these displacements with arrows, highlighting
the directionality of the movement, but these can be difficult to interpret at times
since arrows pointing in three dimensions are being plotted in a two dimensional
figure. However, for many analyses, the direction is less important than the magni-
tude of displacement which is a measure of the participation of a particular atom to
the vibrational mode. The magnitude of the displacement is represented by a sphere
whose radius is proportional to the displacement (and are circles in a two dimensional
plot). This type of plot for the 2 THz mode clearly shows that it is fully delocalized.
All atoms within the molecule are displaced during the vibration.

These heat maps nicely illustrate which atoms contribute most to the resonance.
A more quantitative approach is to decompose the mode into an intramolecular con-
tribution, and an intermolecular one, which is further broken down into translational
and rotational/librational components [19].

The results for the two strongest modes in L-carnosine, are plotted in Fig. 6. It is
quite surprising that these low frequency modes have an intramolecular contribution
of 50% to 60% because one would expect that the molecule is fairly rigid, but this
behavior is actually fairly common. It is also seen that intermolecular contributions
from translations and rotations/librations are fairly similar. These results illustrate
the importance of utilizing periodic boundary conditions as only these will allow
intermolecular movements in addition to intramolecular ones.

Fig. 6 Using Euler projection the relative contribution from inter molecular movements (translation and
rotation) is separated from intra molecular movement. The contribution is roughly split 50/50, showcas-
ing that periodic boundaries are of crucial important as gas phase would only cover the intra molecular
contribution



International Journal of Infrared and Millimeter Waves

6 Conclusion

We have presented THz spectra of the dipeptide L-carnosine at three different tem-
peratures ranging from 300 to 65 K. We detected clear absorption resonances at
1.48 THz, 1.93 THz, and 2.27 THz which allow an unambiguous identification of the
material. Additionally, we performed DFT calculations of the crystal. The calculated
structure was in excellent agreement with experimental PXRD data. The calculated
THz spectrum accurately reproduced the experimentally observed one. The results
presented here demonstrate that DFT methods developed for crystals of monomeric
amino acids can also be applied to larger dipeptide crystals.
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