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Abstract

Through this work, we systematically studied the structural, vibrational and electronic properties of the fundamental state

of the isolated thyroxine(3,5,3’,5-tetraiodothyronine). The minimum energy structures and properties were obtained using

the Density Functional Theory (DFT). Our simulation results were compared with experimental results, including infra-red

and Raman spectroscopy with an emphasis on the properties of iodine atoms. The UV-vis spectrum calculated in this work

is the first result of this model for the thyroxine molecule.
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1. Introduction

Disorders in thyroid functions cause an
imbalance in the production of thyroid hormones,
leading to the occurrence of metabolic
dysfunctions throughout the body, which are
mainly diagnosed by clinical symptoms. According
to the Brazilian Society of Endocrinology and
Metabology (SBEM), approximately 300 million
people worldwide suffer from thyroid dysfunction,
although more than half are unaware of this
condition [1]. In Brazil, about 15% of the population
suffers from thyroid problems, according to data
released by the Brazilian Institute of Geography
and Statistics (IBGE), with the elderly and women
being the most susceptible to dysfunctions [2].
When it is overactive and produces excess
hormones, it causes hyperthyroidism. The
condition can cause tachycardia, nervousness,
weight loss, excessive sweating and irregular
menstruation. Hypothyroidism is the opposite
extreme. Insufficient production of hormones can
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cause fatigue, weight gain, cold intolerance, dry
skin, hair loss and increased menstrual flow. When
these cases are not diagnosed and identified,
thyroid disease can progress to more serious
conditions [3]. The biosensor appears as a
promising alternative, as it has advantages and
works as a useful tool in the diagnosis of various
diseases, as already known commercially
available for monitoring and diagnosis of diabetes.
Thus, a simple, fast and low-cost diagnosis is
based on the use of spectroscopic techniques for
the detection of biomolecules and biosensors.

Several researchers worked on different
important  biomolecules, in particular, the
characterization of the vibrational modes of
thyroxine was explored by Alvarez et al [4] using
Raman  spectroscopy. More recently, a
theoretical/experimental [5] with the Fourier-
transform infrared spectroscopy (FT-IR) and

Raman techniques have been used to record the
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spectra of Thyroxine molecule and correlated with
experimental data. However, there has been
limited investigation of the thyroid system and they
still remain a bit of mystery in the functionality of
this molecule. It is necessary to have a detailed
UV-vis spectroscopic study of this biomolecule.

In this study we investigated the structure,
vibrational and electronic properties of the
thyroxine molecule, also named T4 or L-thyroxine,
IUPAC name 3,5,3',5"-tetraiodothyronine, making a
systematic analysis of the FT-IR, Raman and UV-
vis spectra. The structure of the molecule is
obtained by minimizing the energy using two
different Density Functional Theory (DFT)
functionals, one hybrid and another one non-
hybrid. Thus, we present in detail the equilibrium
structure and the vibrational properties. After
obtaining these minimum geometries the electronic
properties were explored by analyzing the UV-vis
spectrum and the electronic transitions. MPPST
and compared with results reported in the existing
literature.

In Section 2 basic details of both
theoretical methods are shown; in Section 3
results are presented and discussed and finally, in

Section 4 we present the conclusions.

2. Material and Methods

All of the DFT based calculations reported
for the thyroxine were carried out using the Orca
software [6]. A preliminary geometry optimization
was performed by energy minimization using
molecular mechanics with MMFF94 force field and
steepest descent algorithm. These geometric
parameters were used as input for the main
optimizations performed with the hybrid B3LYP [7,
8] and non-hybrid BP86 [8,9] generalized gradient
approximation (GGA) functionals and the split

valence polarization (SVP) double-zeta basis set

[10] for C, O and H atoms. For the lodine atom, the
effective core potential (ECP-28) was used to
replace the 28 core electrons [11] and the
remaining 25 electrons were treated explicitly. For
the remaining 25 electrons, the triple-zeta
polarization basis set function was used from the
Ahalrichs Def2 basis set family [10]. The harmonic
vibrational frequencies have been checked for the
optimized structures to confirm that the true energy
minimum has been found. Both infra-red and
Raman harmonic vibrational modes were
calculated and uniformly scaled by a factor of 0.98
and 0.96 [12] respectively for B3LYP and BP86
functionals. The simulated spectra were calculated
to the models followed by a 10 cm™ half-width
convolution. The same analyses have done in our

previous work [13].

The time dependent (TD-DFT) approaches
were used to predict 30 vertical excitations since
this is typically sufficient for the interpretation of
the most intense peak observed in the UV-vis
spectra. To accelerate the electronic absorption
calculation, the RIJCOSX [14] was used with the
inclusion of auxiliary basis sets [15]. In each case,
the output files along with detailed information
about energies, oscillator strengths, wave
functions of corresponding excitations, and
absorption spectra via transition electric dipole
moments. The UV-vis spectrum was simulated
with the convolution of the individual vertical
excitations and the oscillator strengths using 10nm
half-width. The oscillator strength is obtained by

the transition electric dipole moments.

3. Results and Discussion
3.1 Geometry Optimization
To obtain the calculated vibrational

spectra, the conformational structures were

optimized by employing DFT calculations and the
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minimum energy conformations were presented in
Figure 1. The structural composition of the
thyroxine molecule in the ground state energy level
is linear with the two rings rotated by 90 degrees
each other. The input geometrical parameters
used were obtained from the energy minimization
carried out by molecular mechanics and the
optimized parameters obtained by B3LYP and
BP86 were presented in table 1. The X-ray
diffraction, XRD, were presented for the internal
bond distances [16]. The first 10 lines, in the left
side of the table were related to the benzene rings
in the molecule. Our calculated values show a
variation from 1,396 to 1,416 A for the two
functionals used. The BP86 functional provides a
slightly higher value compared to the B3LYP
functional. The experimental values of x-ray
diffraction were slightly different with a order of
0.04 A for most bonds except for the C12-C13
were e a difference of more than 0.1 A was
obtained. Higher values were obtained for the C-C
bonds associated with carbon chains attached to
the C5 of ring and listed in the next 3 parameters
of the table. The bonds between the carbons and
iodine atoms have bonds greater than 2 A and the
calculated values are close to the experimental
values. Compared to the experimental values we
found that the distance of the C1-119 bond is larger
by approximately 0.044 A, in agreement with the
previous calculated value for this bond by Borah
and Devi [5]. Bonding distance between C-O show
a small variation and with lower values for
connections C28-033 and C28-035. In general,
the structures obtained are in comparison with the

previous experimental and theoretical results.

3.2 Vibrational Properties

The thyroxine molecule has 35 atoms and
therefore results in 99 vibrational modes, all active
in both the IR and Raman spectra. The main
absorption bands for the thyroxine molecule
obtained by the B3LYP and BP86 functionals are
in accordance. As we can see that with the non-
hybrid functional BP86 we can obtain results for IR
and Raman spectra very similar to those of a
functional hybrid B3LYP with 50% less in
computational time. The calculated FT-IR and
Raman spectra of thyroxine were compared with
the experimental spectrum extracted from the
experimental one reported by Borah and Devi [5]
for thyroxine monomer, in figure 2. Our analyses
start at the low frequencies were the C-I stretching

mode can be observed.

Thyroxine monomer has four lodine atoms
in the two benzene rings. In the literature, the C-I
stretching vibrations are found to be in between
300 - 550 cm™. In the experimental IR spectrum,
no peaks with great intensity were found. On the
other hand, the Raman spectrum presents intense
peaks in the region of low frequencies. Our results
for the calculated vibrational modes for calculated
for the C-I stretch showed little intensity in both in
the region of 300-550cm™. These values were in
accordance with previous calculated vibrational
frequencies calculated by Borah and Devi [5] for

similar thyroxine molecule.
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Table 1: Calculated bond length of thyroxine molecule. The X-ray diffraction (XRD) values were
obtained from the work of Camerman [16].

Bond B3LYP BP86 XRD Ref.[5]
C13-C12 1.406 1.407 1.26 1.42
C12-C11 1.398 1.400 1.47 1.40
C11-C10 1.394 1.394 1.39 1.40

C10-C9 1.398 1.399 1.42 1.40
C1-C3 1.405 1.406 1.38 1.41
C3-C6 1.408 1.408 1.38 1.41
C6-C4 1.396 1.397 1.49 1.40
C4-C5 1.404 1.404 1.35 1.41
C5-C2 1.401 1.401 1.49 1.41
C2-C1 1.398 1.399 1.45 1.41

C5-C24 1.514 1.514 1.52 1.52

C24-C25 1.556 1.556 1.56 1.56
C25-C28 1.544 1.545 1.54 1.53

C12-123 2113 2.126 2.15 2.15
C1-119 2.103 2114 2.06 213
C6-118 2.104 2114 2.11 213

C13-021 1.346 1.348 1.34 1.39
C10-017 1.380 1.380 1.41 1.41
C3-017 1.367 1.366 1.41 1.40
C28-033 1.351 1.354 1.28 1.39
C28-035 1.200 1.200 1.24 1.24
C25-N29 1.449 1.450 1.52 1.47
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Figure 1: Three-dimensional structure of the thyroxine molecule in two views: (a) lateral view and (b)
front view. The colors of the bolls were listed in the upper right corner.

The deformation vibrational modes
were located with medium intensities in the
region of 700-900cm" and also in intense lines
in the region of 1220-1320cm in the Raman
spectroscopy. These vibrational modes can be
related to medium intense lines in the
experimental Raman spectra at 900cm™ and
1300cm™.

were in the region of 800-1000cm™ and

In the IR spectrum, small intense

1200cm™ in coincidence with our convoluted
spectra for both BALYP and BP86 functionals.

Intense lines in the IR were calculated
with a peak at 1409 cm™ for the vibrational
stretches C-C and C=C and a medium intense
peak located at 1808 cm™ for the vibrational
mode C=0. The experimental lines for the
C=0 were observed in smaller frequencies at

1700 cm™! with maximum intensities.

Three different groups were clearly
identified at the high frequency region, the C-

H, N-H and O-H strengths were calculated at

2921, 3074 and 3400-3600cm™ for the IR
spectrum with low intensities. In the experimental
spectra the same vibrational modes were
obtained at 3065 3261 and 3515 cm™. Large
intensities were observed in the Raman spectra
with in the three different regions and our
calculated values of were 100-200cm™ higher

compared to the experimental values.

The molecular structure of minimum
calculated energy the two functionals were
employed to the electronic excitations calculation
and obtain transition energies of the thyroxine
molecule in the ultra-violet visible region. The

results will be presented in the next section.
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Figure 2: Experimental and convoluted FT-IR (top) and Raman (bottom) spectra of thyroxine molecule
in the range of 0-4000 cm™'. The main peaks of the spectra are associated with the vibration modes
found in the molecule.
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3.3 UV-vis spectra

The UV-vis spectrum measured using
absorption spectroscopy in distilled water and
a temperature of 300 K [17] showed in Figure
3. In the region of 200 to 400 nm, the spectrum
shows 2 main broad peaks at 238 and 280nm.
The calculated spectrum for each DFT
functional is formed by the convolution of
gaussians with 10 nm of the half-width of
individual excitations. The spectra for the
B3LYP and BP86 models show a low energy
excitation, around 370 nm. In addition, the
most intense band arise in 305 nm, before the
experimental and B3LYP results. The number
of roots used to produce the spectrum curves
were carefully tested in order to obtain curves
that were in better agreement with the
experimental curves. The functional B3LYP is
the one that best matches the experimental
curve. The curve obtained by BP86 is shifted
to longer wavelengths. The functional B3LYP
produces results very close to those of the
experimental spectrum, with two bands with
the maximums located in 239 and 270 nm. In
addition, the shape of the convoluted spectrum
corresponds to the experimental spectrum.
The first experimental band is wide, and both
theoretical models show the same band with a
shoulder in higher wavelengths. This
discrepancy in the theoretical results reveals

the sensitivity of some functionals in describing

the excitations at the electronic levels. We did not
find in the literature theoretical results with similar
methods for this molecule. In a recent work,
several popular exchange-correlation functionals
were used for the prediction of UV-visible (vis) -
near infrared (NIR) spectra of phthalocyanines
[18] and the conclusion that these authors
reached was that hybrid functionals are
necessary to better describe the UV-visible

spectrum.

We also analyzed the character of Kohn-
Sham molecular orbitals involved in the most
intense transitions, Figure 4. For the peak at 237
nm, the most intense transition (29") is formed
by different characters where the most dominant
(32 %) is characterized by HOMO-5 to LUMO.
This transition is related to transitions involving
the chain and carbonyl group of one ring and the
iodine atoms of the other ring, as can be seen at
the second row of Figure 4. Therefore, in this
transition, we identified a charge-transfer
transition. For the peak at 270 nm, the most
intense ftransition is dominated by HOMO to
LUMO+4 (78 %). This transition involving orbitals
from the left side ring, between the iodine atoms

to the internal ring.
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Figure 3: Experimental and convoluted UV-vis spectra in the range of 200-400nm (25000-50000cm-").

HOMO LUMO+4

HOMO-5 LUMO

Figure 4: Kohn-Sham molecular orbitals of the most intense transitions calculated with B3LYP
functional. At the top row, the character orbitals involved in the most intense transition of the peak at
271 nm. At the bottom row, the character orbitals involved in the most intense transition of the peak at
237 nm.
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4. Conclusions

In this study, we present the results of
vibrational and electronic properties for a thyroxine
molecule using the B3LYP and BP86 DFT
functionals. The minimum energies structure
calculated by both methods are close and in
accordance with the previous experimental values.
The vibrational modes and the convoluted spectra
for both IR and Raman techniques results in
similar results and indicates that the BP86 function
was successful in describing the minimal energy
structure for thyroxine. Our results for electronic
excitations and the UV-vis spectrum indicated that
the B3LYP functional presents significantly better
results and the two peaks observed in the
experimental results were identified. These results
for the UV-vis spectrum are the first results
calculated for the thyroxine molecule under the
DFT model and the analysis of the transitions at
the electronic levels, in particular in the charge
transfer states, is indicative that the knowledge of
the electronic properties of the system can
improve the development of sensors for the
diagnosis of thyroid hormone on platforms built

with modified materials such as graphene.
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