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The attenuated total reflection technique in combination with the terahertz technique is being
investigated to find rotatable bonds, which are considered to be one of the rules of thumb given by Veber
et al. The results were obtained using a pulsed terahertz spectrometer equipped with a Dove prism,
in which the ATR technique was applied. Two forms of samples were used to check the methodology:
polycrystalline, and saturated solutions in ethyl alcohol. Histidine, as one of the best-studied
pharmacological preparations, was used in the experiment to test our research. Four spectral details
were found in the terahertz band, including one for which intermolecular vibrations are responsible,
and three others for which intramolecular vibrations, such as rotatable bonds, may be responsible.
Histidine molecules that are dissolved in alcohol, and thus free of intermolecular bonds, reveal rotations
around three bonds. Therefore, the accuracy of the THz-TDS-ATR research methodology is confirmed in
the search for intramolecular vibrations of the molecule, including rotatable bonds. The number of the
latter is a guide for designing drug-like candidate compounds. The research methodology presented in
the article can support pharmacological research and the pharmaceutical industry.
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Introduction

The terahertz technique is mainly applied in biomedicine, and it contributes to the development
of scientific disciplines such as pharmacy [1-5]. The main goal of pharmaceutical science is the search for
effective drugs. All scientific methodologies and technologies are committed to this goal. It is known that
the effectiveness of a drug in the body depends on its amount and the speed of its absorption. The concept
that quantitatively characterizes the absorption process is bioavailability [6,7]. In order to determine the
bioavailability of a compound, a number of practical rules that support drug discoveries, the so-called
rules of thumbs, were formulated. The rules of thumbs for selecting "drug-like" compounds cover a
wide range of properties, such as the number of rotatable bonds (ROTB), the number of aromatic rings
(AROM), the number of hydrogen bond donors and acceptors (HBD and HBA), the polar surface area
(PSA) or topological polar surface area (TPSA) [angstroms squared], the acid dissociation coefficient
(pKa), lipophilicity (logP and logD), molecular weight (MW) [moles], and the fraction of sp3 carbons
(FSP3) [8]. The most famous rule is Lipinski's Rule of Five, also known as Pfizer's Rule of Five, or simply
the Rule of Five (RO5). The following criteria of properties were proposed in the RO5: lipophilicity (logP)
< 5, molecular weight (MW) < 500, the number of hydrogen bond donors (HBD) < 5, and the number of
hydrogen bond acceptors (HBA) < 10 [9].
Ghoes et al. provided an analysis of some computable physicochemical properties and the
chemical composition of known drug molecules that are available in the Comprehensive Medicinal
Chemistry (CMC) database, as well as in seven known drug classes [10]. The study showed that the
qualifying range of the calculated logP for drug-like molecules is 0.4 to 5.6; the mean value is 2.3, and
the preferred range (most populated for an interval having 50% of the drugs) is 1.3 to 4.1; for molar
refractivity, the qualifying range is 40 to 130. The mean is 97, and the preferred range is 70 to 110; for
molecular weight, the qualifying range is 160 to 480; the mean molecular weight is 360, and the preferred
range is 230 to 390; for the total number of atoms, the mean value is 48, and the qualifying range is 20
to 70. The preferred range for the total number of atoms is 30 to 55 [10]. In turn, the Muegge method
in the assessment of bioavailability analyses a much larger number of parameters. According to the
author's assumptions, a drug with good bioavailability meets the following requirements with regards
to its chemical structure: 200 ≤ molecular weight (MW) ≤ 600; -2 ≤ lipophilicity (logP) ≤ 5; polar surface
area (PSA) ≤ 150; number of rings ≤ 7; number of carbons > 4; number of heteroatoms > 1; number of
rotatable bonds (ROTB) ≤ 15; number of hydrogen bond acceptors (HBA) ≤ 10; and number of hydrogen
bond donors (HBD) ≤ 5 [11]. In order to achieve the goal more effectively, Miles Congreve limited the RO5
to the rule of three (RO3): number of rotatable bonds (ROTB) ≤ 3; molecular weight < 300; number of
hydrogen bond donors ≤ 3; number of hydrogen bond acceptors ≤ 3; logP ≤ 3; and polar surface area
(PSA) ≤ 60 [12]. Additionally, these rules include the following expectations with regards to the beneficial
properties of drugs: high activity and selectivity, synthetic availability, no chemically reactive groups, the
possibility of oral administration, pharmacokinetic properties, metabolism, routes of removal from the
body, and no side effects and toxicity [8].
Even a cursory analysis of the above points, and also research conducted with regards to
the above guidelines showed that finding simple rules for the behaviour of a drug molecule in a living
organism is impossible. All this has prompted scientists to search for new solutions, methods, theories
of designing and technologies for the effective production of drugs. Matthew Segall made an attempt to
find a simple rule based on simple properties that could be used to identify the right ingredients with
a much greater chance of creating an effective drug [8]. Segall concluded that no single principle could
fulfil this role. The closest to the ideal seems to only be the two Veber rules [13]: 10 or fewer rotatable
bonds (optimally 7), polar surface area less than or equal to 140 Å2 (optimally between 110 Å2 and 140
Å2). The first rule is based on Veber's observations that excessive amounts of rotatable bonds can make
it difficult to anchor a drug to the diseased molecule.
When comparing the principles given by Muegge, Congreve and Veber, the latter ones have the
strongest "spectral" character. This is due to the fact that 50% of Veber's principles can be confirmed
experimentally by spectroscopic methods. We mean the detection of rotatable bonds. (We would like
to explain that in subject literature, the terms torsion or rotations are given [14]. In this paper, we use
the term rotations, as torsions are part of rotations). The rotation/torsion frequencies of the molecules
are scattered over a fairly wide band of the electromagnetic wave spectrum, but in the case of "heavy"
molecules, such as those used in drug design, they are located in the far-infrared (FIR) part of the
spectrum, which is known today as the terahertz (THz) band [15-18]. The aim of this study is to demonstrate
the relationship between pharmacological rules of thumbs and the terahertz technique.
One of the amino acids - histidine - was selected for the experiment [19]. The histidine molecule
is composed of an imadosyl ring, a carboxyl group, and an amino group (see Fig.1). It can be found in
two forms: the L-histidine (the L-enantiomer of the amino group), or the L-histidine zwitterion (the
zwitterionic form of the L-histidine has an anionic carboxy group and a protonated α-amino group). “L”
means left oriented in the Fisher projection [20]. The first two components of the molecule are linked by
the three single bonds C1-C2, C2-C3 and C3-C4. According to the definition of Veber: "Rotatable bonds
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were defined as any single bond, not in a ring, and bound to a nonterminal heavy (i.e., non-hydrogen)
atom" [13]. Therefore (in the case of histidine), a rotation around the three mentioned bonds, as shown
in the figure, can be expected. We also expect that for sufficiently “heavy” molecules like histidine, the
frequencies of the measured vibrations will be in the far infrared or, in other words, in the terahertz band.
If spectroscopy will be conducted on a powdered sample, all possible vibrations, both intermolecular and
intramolecular (including rocking/bending/wagging vibrations and rotations/torsions of molecules) will
be seen - see Fig. 2.
The figure shows a hypothetical lattice in which histidine molecules are trapped in nodes. Even
from such a simplified drawing it can be seen that the released molecules from the crystallographic
lattice should only exhibit torsional/rotational or rocking/bending/waging movements. This observation
leads directly to the methodology for designing an appropriate experimental setup. In our opinion,
samples should be tested in such conditions in which they are released from the crystallographic lattice
bonds.
The histidine crystal lattice belongs to the space group P21 (monoclinic space group), or
P212121 (orthorhombic) [21-23]). Possible intermolecular vibrations and torsional movements are indicated.
In the case of the polycrystalline form of the sample, both translational and rotational vibrations can
be observed in the terahertz spectrum. On the other hand, an attempt to test a dissolved sample, i.e.
one with no lattice bonds, presents other difficulties. Solvents, starting with water, are characterized
by strong absorption properties for terahertz waves. Therefore, the appropriate research system is a
terahertz spectrometer equipped with a Dove prism, where the phenomenon of the so-called evanescent
wave penetrating the sample to a small depth of several to several dozen micrometers is used. This is
called the methodology of ATR (Attenuated Total Reflection) spectroscopy [24-28]. A different system, which
uses the classical transmission technique, but in the system of rotatable cells with samples, is also
possible [29].

Fig 1 Molecule of histidine: left - L-histidine, right - L-histidine zwitterion. Possible rotatable vibrations
are marked with circles

Fig 2 Schematic drawing of one of the nodes of the crystal lattice in which the histidine molecule is
trapped. Possible molecular vibrations, both intermolecular and intramolecular, are marked
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Materials and Methods
A system that allows for THz liquid spectroscopy, also with the possibility of testing powdered
samples, was prepared for the tests. This can be seen as a convenient solution. A classic Time Domain
spectroscopy (THz-TDS) experimental set, driven by a pulsed femtosecond laser (83 fs) with a repetition
frequency of 80 MHz and a wavelength of 780 nm, was used. Terahertz radiation was created by a
photoconductive antenna made of LT-GaAs (low temperature of gallium arsenide). The same type of
photo antenna was used as the detector. The terahertz beam was formed and focused using parabolic
off-axis mirrors [3, 16]. A Dove prism made of high resistivity silicone (appr. 10 kΩcm) was placed in the
path of the THz measuring beam. The Dove prism is an optical element prepared in such a way that the
beam of terahertz radiation passing through it does not change its direction, i.e. the transmitter-receiver
path remains unchanged (see Fig. 3).
The histidine samples were purchased from Sigma-Aldrich (molecular weight of 155.15 g/
mpl). The samples were tested in two forms: polycrystalline, and in the form of saturated solutions in
anhydrous ethyl alcohol 99.8% (Ph 65). The polycrystalline samples were not prepared in any particular
way. The material in the Sigma-Aldrich packaging was used. All the samples were placed on the surface
of the prism. In the case of the powdered samples, the sample was additionally pressed against the
prism's surface in order to ensure good contact and also to remove trapped air that could reduce the
intensity of the signal. In addition, the entire path of the terahertz beam, i.e. the entire measuring portion
from the transmitter to the receiver, was enclosed in a plastic vessel that was blown through with dry air
(less than 20 ppb moisture).
The experiment used the technique of attenuated total reflection (ATR) [24-28]. In terms of
measuring the spectrum of molecules released from intermolecular bonds, the ATR method is a
convenient solution. The ATR technique uses the phenomenon of total internal reflection, in which the
evanescent wave (EV) develops along the boundary surface of the prism. The penetration depth of the
EV into a sample is relatively small - usually from 0.5 µm to several dozen micrometres. The exact
value depends on the wavelength of the probe beam, the angle of incidence, and the refractive indexes.
The phenomenon of the evanescent wave occurs when the incident wave passes through the medium
(here Si crystal) with a higher refractive index (here ca. 3.4) to the tested sample with a lower refractive
index (here ca. 1.4) The experiment was prepared in the same measurement system for the samples in
polycrystalline form and the samples dissolved in ethyl alcohol (as can be seen in Fig. 4, left and right,
respectively). A significant advantage of the ATR method is the ability to measure media that strongly
absorb the terahertz wave. Another advantage also appears when measuring polycrystalline samples.
Scientists who often deal with the synthesis of molecules (drugs) receive only small amounts of the
expected material. The ATR method enables this disadvantage to be overcome. This is due to the fact that
1 mg of the synthesized molecules is sufficient for successful measurements.

Fig 3 Attenuated Total Reflection (ATR) spectroscopy. a) investigations of polycrystalline forms, b)
investigations of solved samples

Results
The results of the THz-TDS-ATR spectroscopy are shown in the graph in Fig. 4. The graph is
prepared for two systems of units: frequency in terahertz (THz), and in reciprocal centimetres (cm-1). In
the polycrystalline sample, all possible vibrations of the molecule can be observed.
As can be seen, the dissolved sample shows a strong absorption peak at 0.74 THz (24.68 cm
-1), and two weaker peaks at 1.73 THz (57.71 cm -1) and 2.12 THz (70.72 cm -1) - indicated by arrows.
The results are presented in Table 1.
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Table 1 Results of the histidine terahertz spectrum measurements
As can be seen in the table, the frequencies of the spectral details are practically the same,
whether the sample is polycrystalline or dissolved in alcohol. There is one exception: we observed
a slight drift in the frequency of the strongest peak around 0.70 THz (23.35 cm 1) towards the lower
frequencies of 0.68 THz (22.68 cm-1) for the sample dissolved in alcohol - see the values in parentheses
in Table 1. The peak around 1.41 THz (47.03 cm 1) practically disappears in the case of the dissolved
sample, i.e. without lattice bonds.

Fig 4 Experimental results of the terahertz spectroscopy of the histidine samples in both powder form
and when dissolved in alcohol. Arrows mark the spectral details for which rotations/torsions around the
rotatable bonds of the molecule may be responsible

Discussion and Conclusion
As expected, the diagrams in Fig. 4 show all possible spectral details, which are caused by
both the intermolecular vibrations and internal movements of the histidine molecule in the terahertz
range of the spectrum. The true picture of the molecule is revealed when it is free from intermolecular
vibrations. Then, only the internal movements of the molecule can be observed - the peak at 1.41
THz (47.03 cm- 1) disappears. (This spectral detail is probably due to intermolecular vibrations - see
Fig. 2 and 3, and Table 1). In the molecule freed from crystallographic lattice bonds, both rocking/
bending/wagging vibrations and rotations/torsions can be observed. The determination of the type
of vibrations can be derived from the analysis of the structure of the histidine molecule (see Fig. 1).
According to Veber: “Rotatable bonds were defined as any single bond not in a ring …” [13]. This means
that rotatable bonds can be expected around the three single bonds C1-C2, C2-C3 and C3-C4. Another
suggestion may be derived from the research of True [30]. The author gives all four spectral details
for histidine. However, they are not assigned to any kind of molecular vibrations, but what should be
emphasized here is that the samples were only tested in polycrystalline form. Another work that sheds
light on the types of vibrations in the histidine molecule is the work of Matei [14]. The paper indicates
the possible vibrations of amino acids, such as rocking/wagging /bending modes and torsions. Matei
calls the peak around 0.75 THz (25.02 cm 1) “torsions of the entire side chain about the C-ring bond.”
On the other hand, Matei assigns the peak at 7.07 THz (69 cm 1) to the hydrogen bond mode. It should
be again emphasized here that the studies were only carried out on powdered samples. The paper of
Rungsawang experimentally confirms the existence of the three spectral details 0.77, 1.72, and 2.08
THz (25.56, 57.40, and 69.46 cm 1) in the terahertz spectrum. These frequencies were also observed in
our experiment. The samples were also tested only in polycrystalline form [31,32]. In the paper of Yi,
it was noted that some amino acids, like L lysine and L-arginine, exhibit common absorption spectra
details at 0.90, 1.44, 2.07, and 2.56 THz (30.02, 48.03, 69.05, and 85.39 cm-1) due to the similarity of
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their structures. However, these vibrations are not associated with any bonds. The results were also
obtained only for the powdered sample [17]. Taking into account the results of our experiment, it is highly
probable that in the work of Yi, intermolecular vibrations are responsible for the peak at 1.44 THz (48,03
cm 1) in lysine and arginine. Similarly, in the work of Yamamoto, a polyglycine absorption peak at 1.36 THz
(45.5 cm-1) was assigned to interchain vibrations (not intrachain!). Their result was also only obtained
experimentally on a powdered sample [15]. On the other hand, the Guide for Pharmacology, SwissADME,
and PubChem clearly indicate the existence of three rotatable bonds in the histidine molecule [33].
However, the guides do not assign them to any specific bonds. It should be emphasized that to our
knowledge none of the available studies present the results of histidine tests performed in any solvent
environment. Moreover, despite the research conducted on powdered samples - polycrystalline - only
one study gives a spectral detail of around 1.42 THz (47.37 cm 1) [30].
It is this absorption peak that disappears after dissolving the histidine in the solvent, which may
indicate that this peak is caused by the intermolecular vibrations between the nodes of the crystallographic
lattice (to be compared with the paper of Yi - 1.44 THz (48.03 cm-1) in lysine and arginine). In addition,
we noticed that the frequencies of the absorption peaks may vary depending on whether the sample was
powdered or dissolved in ethanol. In the conditions of crystallographic lattice bonds for one of the peaks,
we obtained the frequency of 0.70 THz (23.35 cm 1), and in the solvent medium we obtained the frequency
of 0.68 THz (22.68 cm 1). The difference was about 0.02 THz (0.67 cm 1) towards higher frequencies for
the powdered sample.
It is known that rotatable bonds are taken into account as one of the rules of thumbs given by
e.g. Veber et al. It is also known that the THz technique is a sensitive and selective technique that enables
the detection and identification of the details of the molecular structure [14-18]. Within the terahertz band,
vibrations of molecules, such as rocking, bending, wagging, rotations/torsion, and intermolecular
vibrations, can be observed. The analysis of the molecular structure of the histidine molecule (see Fig.
1), data in chemical guides [32], and also Veber's considerations, lead to the conclusion that spectroscopic
studies of the histidine molecule within the terahertz band in a solvent environment can result in
spectral details for which only rotations/torsions are responsible - the so-called rotatable bonds. This
is the link we are looking for between the rules of thumbs and the THz technique. The results of other
authors, in which some vibrations are assigned to hydrogen bond torsions, should also be taken into
account [14]. Moreover, our observations show that the frequencies of some spectral peaks may differ
depending on whether the sample was tested in a powdered form or whether it was dissolved in alcohol,
i.e. without lattice bonds. The methodology of the computational chemistry was not the purpose of this
work. Although, taking into account what has been said in the discussion of the results, computational
chemistry may provide a final solution to the problems mentioned above. The above considerations and
results also lead to a conclusion that may direct the experimental technique: in our opinion, experimental
studies of pharmacological samples for the purpose of confirming the recommendations indicated by the
so-called rules of thumbs should be carried out in solvent conditions (alcohol, water, chloroform, etc.).
Finally, the methodology for detecting rotational bonds described above comes down to the "click-clack"
technique, that is, comparing the results for the solid form with the results for the dissolved form of the
test material. Due to the strong absorption of solvents for terahertz waves, the THz-TDS-ATR research
methodology is recommended. The effectiveness of this method has been shown and is the main
result of this paper: the demonstration of the participation of the THz-TDS-ATR terahertz spectroscopy
technique in the detection of rotatable bonds, the amount of which is important in the design of drug-like
candidate compounds. The research methodology presented in the article may bring tangible benefits for
pharmacological research, and thus support the pharmaceutical industry.
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