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Interpretation of electronic spectra of a number of 5-substituted uracils
in aqueous solution based on modeling of their H-complexes with water

molecules and the orbital approach
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Absorption spectra of 5-hydroxymethyluracil, uracil, 5-fluorouracil and 5-bromouracil in a neutral aqueous
solution were obtained. The modeling of hydrogen complexes of molecules of the compounds under consideration
with water molecules was carried out, and then the absorption spectra in aqueous solution were calculated using
the TDDFT B3LYP/6-3114+G(d,p) method in combination with the polarizable continuum model. The linear
dependence of the energies of electronic transitions obtained from the absorption spectra on the values of the energy
gap between the corresponding occupied and vacant molecular orbitals of the calculated hydrogen complexes is

shown.
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Introduction

Uracil and its S5-methyl substituted derivative (thymine)
are nitrogenous bases of nucleic acids and have been
actively studied. Other 5-substituted uracils also attract
special attention, as they can integrate into the nucleic acid
structure, causing damage and consequently altering their
properties. For example, it was found that 5-halogenated
uracils (5-fluorouracil and 5-bromouracil), when present
in nucleic acid structure, can cause its destruction under
radiation exposure, i.e., can act as radiosensitizers in cancer
treatment [1,2]. Recently, another S-substituted uracil —
5-hydroxymethyluracil (ShmU) — has been attracting in-
creased attention, since it was initially discovered that its
presence in gene structures correlates with chronic inflam-
matory diseases and cancer [3], and more recently it was
found that ShmU together with 5-hydroxymethylcytosine is
a surrogate marker for myeloid malignant neoplasms [4]. It
was previously established that ShmU occurs as a base in
the genomes of various organisms and that its amount in
RNA structure affects its transcription rate [5]. Alongside
this, it was found that DNA in which thymine is replaced
by ShmU becomes more flexible and hydrophilic [6].

While extensive work has been devoted to the excited
states, electronic structures, and hydration shells of DNA
and RNA bases [7-19] and continues actively [20,21],
studies considering electronic transitions and solvation shells
of ShmU are scarce. In a recent study on spectroscopic
properties of 5hmU [22], an absorption spectrum in
dimethyl sulfide solution was presented, and calculations
of electronic transitions for the gas phase and including
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the effect of dimethyl sulfide and methanol solvents were
performed based on the polarizable continuum model.

One of the approaches describing the effect of polar
solvent on absorption and luminescence spectra is the
supermolecule method, where several solvent molecules
from the primary solvation shell, forming hydrogen bonds
with the dissolved molecule, are added to describe specific
solvent effects. This hydrogen-bonded complex is then
embedded in a dielectric continuum, modeling general
solvent effects. Use of time-dependent density functional
theory (TDDFT) combined with the polarizable continuum
model in this approach showed good reproduction of
absorption and luminescence spectra and their shifts in
various polar solvents [9,12,13,23-27].

This approach was applied for absorption and lumines-
cence spectral calculations of uracil and its substituted
derivatives in aqueous solution in [9,12,13]. For modeling
the hydrogen-bonded complex structure of uracil molecule,
4 water molecules were added. Construction of this
complex was based on experimental results of the primary
hydration shell of thymine [10] and NMR experimental
data [7] on the structure of the primary solvation shell
of uracil in water-DMSO solution, according to which
no water molecule is bonded to the uracil C-H groups,
while the carbonyl (C=0) and imino (N-H) groups form
hydrogen bonds with water molecules. Molecular dynamics
calculations of the uracil hydration shell [8,11] showed that
the primary solvation shell consists of 9 water molecules, 6
of which form hydrogen bonds with uracil. Additionally,
one hydrogen bond belongs to the amide H atom, but
unlike shown in [12], each carbonyl oxygen atom forms
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two hydrogen bonds. In [14], experimental refinement
of [10] data showed that stable hydrogen-bonded thymine-
water complexes form in the gas phase with 5 water
molecules. Taking this into account, and the methylation
fact of uracil, work [15] used 6 water molecules for
constructing the uracil hydrogen complex. The constructed
hydrogen complex of uracil corresponds to the structure
obtained from molecular dynamics data [8,11]. Calculation
of this 6-water-molecule uracil supermolecule showed the
best reproduction of the experimental absorption band shift
in aqueous solution compared to gas phase calculations in
this approximation [27].

In the present work, the absorption spectrum of ShmU
in neutral aqueous solution was obtained, and calcula-
tions of its electronic spectrum in water were performed
including formation of a hydrogen-bonded complex of
S5hmU molecule with 7 water molecules from the primary
hydration shell. Additionally, spectral data for 5ShmU were
compared with analogous data for uracil (U), 5-fluorouracil
(5FU), and 5-bromouracil (5BrU).

Methods

Absorption spectra of 5hmU (Aldrich, >97%), U
(Aldrich, >99%), 5FU (Aldrich, >99%) and 5BrU
(Aldrich, >98%) were recorded in neutral (pH 7.0)
aqueous solution in a quartz cuvette with 2mm optical
path length on a ShimadzuUV-2401 spectrophotometer with
scanning speed 210 nm/min and spectral gap width 1 nm.

Quantum-chemical calculations were carried out using
density functional theory (DFT) with the B3LYP exchange-
correlation functional [28,29] and the 6-3114+-G(d,p) basis
set employing GAUSSIAN 09 software [30]. The influ-
ence of the aqueous solution was taken into account by
constructing a hydrogen complex of U, 5FU and 5BrU
molecules with 6 water molecules, and for the 5hmU
molecule with 7 water molecules, which were placed in
a water continuum modeled by the polarizable continuum
theory (PCM) [31,32].

Stationary points on the potential energy surface were
localized with full optimization of all geometric parameters
and checked for the absence of imaginary frequencies.
Electronic spectra calculations were done by TDDFT using
B3LYP functional and the same basis set 6-311+G(d,p)
for 60 excited singlet states. Chemcraft 1.7 [33] was used
for visualizing geometry, molecular orbitals, and simulating
computed electronic spectra. To simulate the calculated
electronic spectra, Gaussian curves with a halfmaximum
width of 0.6eV were used, which corresponds to the
experimental half-maximum width of the first absorption
band of uracil in water.

Results and discussion

Absorption spectra of U, ShmU, 5FU, and 5BrU recorded
in neutral aqueous solution are shown in Fig. 1,a. Calcu-
lated electronic spectra of the hydrogen-bonded complexes

of these molecules with water molecules in aqueous
continuum are shown in Fig. 1,b. Interpretation and
characteristics of the absorption spectra are given in the
table.

For constructing the hydrogen complex structures of U,
5FU, and 5BrU molecules (Fig. 2,b—d) the structure of
the hydrogen complex proposed for the U molecule with 6
water molecules [15] was taken, which showed the best
reproduction of the experimental absorption band shifts
in this class of calculations [27]. The structure of this
complex also corresponds to experimental data [7,14] and
molecular dynamics data [8,11]. For 5-halogenated uracils,
a similar hydrogen complex structure was used because
the halogen atoms in these compounds do not form stable
hydrogen bonds with water molecules, a result obtained
in this work from calculations and previously shown by
molecular dynamics [34]. Since the 5hmU molecule
additionally contains a hydroxyl group that forms hydrogen
bonds with water molecules, an additional seventh water
molecule coordinated by a hydrogen bond to the oxygen
atom of the hydroxyl group was added to its hydrogen
complex (Fig. 2,a). Adding this water molecule bonded
to the hydroxyl group is consistent with the fact that DNA
containing 5ShmU becomes more hydrophilic [6]. Only the
diketo form of the studied compounds was considered when
constructing hydrogen complexes and calculating electronic
spectra in this work, since this form is the most stable in
the ground electronic state for uracil and its 5-substituted
derivatives [35-37].

The first absorption band of the studied compounds in
aqueous solution, according to calculations, corresponds
mainly to the electronic transition from the highest occupied
molecular orbital (HOMO) 77c—c) to the lowest unoccupied
molecular orbital (LUMO) Tic_c) in the first excited state
Sia (Fig. 3, table). Both orbitals have predominant electron
density contribution on the 7 — C = C-bond. The excited
state notation includes not only a digit subscript indicating
the order of the excited state in that compound but also
a letter subscript indicating the HOMO-LUMO transition
responsible for that state. The letter is added because states
arising from the same nature of electronic transition have
different order numbers in different compounds of the series.

In the studied series U, 5ShmU, 5FU, and 5BrU, a red
shift of the first absorption band is observed: 4.80, 4.76,
4.67, and 4.50 eV (Fig. 1,a,table). A similar shift was noted
in halogenated uracils [17] and in the series containing U,
thymine, SFU, and 5-chlorouracil [12]. Calculated electronic
spectra of hydrogen complexes reproduce the observed
bathochromic shift of the first band (Fig. 1, b, table).

Figure 3 shows changes of some higher HOMO and lower
UMO energies in the studied compounds. It is seen that
the energy gap between HOMO 7(c—c) and LUMO ﬂ(*C:C)
decreases along the series, leading to a decrease in the
electronic transition energy to state Sjpand corresponding
observed red shift of the first absorption band.

Analysis of the HOMO-LUMO energy gap reduction
in a similar series containing U, thymine, 5FU, and 5-
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Figure 1. (a) Absorption spectra of U, ShmU, 5FU, and 5BrU in neutral aqueous solution.(b) PCM TDDFT B3LYP/6-3114+G(d,p)
calculated electronic spectra of hydrogen complexes of the studied molecules with water molecules in the aqueous continuum.
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Interpretation of absorption spectra of U, 5ShmU, 5FU, and 5BrU in neutral aqueous solution based on PCM TDDFT B3LYP/6-311+G(d,p)

calculations of hydrogen complexes with water molecules

S OMO-UMO E®P, eV (nm) &, 10> m?/mol El, eV f
U Sia Tc=c) = Tegy 4.80 (258.5) 0.86 5.03 0.2091
(258.4)* 0.81°
(259)° 0.81°
(259)° 0.91¢
(259.5)¢ 0.82¢
S No2(a") — 7 526 0.0003
Ssc T(c=C) — .7[(*(::01) 6.12 (2025) 0.95 6.09 0.1695
(202.4) 0.90°
(202)° 0.88°
(202.5)¢ 0.92¢
S m2(@”) — 7le_g 6.23 0.0740
ShmU Sia Tc—c) = Mgy 4.76 (260.5) 0.75 4.92 0.2008
S Nos(@’) — e 5.19 0.0053
S no2(a") — @e_c) 557 0.0027
Suc Tc=c) = Te—on) 6.00 (206.6) 0.93 593 0.2633
S (@) — 7o 6.18 0.0495
SFU Sia Tc=c) = Tegy 4.67 (265.7) 0.68 4.80 0.1987
(265.3)* 0.70°
(266)° 0.61°
S no2(a') — ic_c) 527 0.0001
Ssc Tc—c) = Te—on) 6.10 (203.2) 0.90 6.07 0.2101
(203.3) 0.92°
S (") — Te_g 6.21 0.0913
5BrU Sia Tc—c) = Moy 4.50 (275.5) 0.64 4.54 0.1784
(277.3) 0.70°
S no2(a") — ic_c) 523 0.0001
Ssc Tc—c) = Teon 5.95 (208.5) 0.87 572 0.2855
(211.3) 1.00°
Siop ma(@”) — 7o 6.12 0.0314

Note: Data taken from works: [17], ®[18], ¢[12], d[19]. S— excited singlet state numbers, subscript digit indicates the excited state order, subscript letter
indicates the nature of electronic transition; OMO-UMO — molecular orbital pair contributing most to excited state; E®° and EP — calculated and
experimental vertical electronic transition energies in water; f — oscillator strength; ¢ —molar absorption coefficient.

chlorouracil from the orbital viewpoint was presented
in [12]. Destabilization of HOMO is explained by in-
creased electron density on the substituent, contributing
an antibonding effect to HOMO. This effect is due to
interaction of the HOMO of 5-substituted uracil with lower-
lying orbitals — the nonbonding pairs of the substituent.
For 5hmU; the energy of this OMO np3(@’) is shown in
Fig. 3. LUMO stabilization in this series is explained in [12]
by the increased electronegativity of the substituent.

The second weak electronic transition nz* to the excited
state labeled here as Sg occurs mainly from the nonbonding
orbital of the second oxygen atom (see atom numbering

in Fig. 2,a) npx(a’) to LUMO Tle—c) (Fig. 3, table). In
S5hmU, an additional higher HOMO appears compared to
U — the lone pair of the oxygen atom of the hydroxyl
group Nos(a@’), which interacts with HOMOs 7(c—c) and
noz(@’) causing destabilization of the first and stabilization
of the second. This interaction, as mentioned above, results
in the observed bathochromic shift of the first band in
S5ShmU spectrum relative to U. On the other hand, as
shown by calculations, the second excited state in ShmU
becomes Sg (np3(a’) — n(*C:C)) not Sg (Npz(a’) — n(*C:C))
as in U. The transition to state Sp shifts to higher energy
(Fig. 1, b, table).

Optics and Spectroscopy, 2025, Vol. 133, No. 8
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The second absorption band in the studied compounds
mainly arises from two intense electronic transitions to states
SC (”(C:C) — ‘ﬂ(*C:OI)) and Sp (nNz(a”) — ‘ﬂ(*C:C))‘ The
first is more intense and largely determines the maximum
position of the second band (Fig. 1,b). This transition oc-
curs predominantly from HOMO s(c_c) to 7-UMO of the
C=0l-bond (7(_q)). In 5hmU, a bathochromic shift
of this band from 6.12 to 6.00eV is observed (Fig. 1),
caused by a decrease in the energy gap between HOMO
7(c—c) and UMO ”(*c:on due to destabilization of m(c_c)
through interaction with HOMO ngp;3(@’) and stabilization of
UMO ”(*0:01) by the inductive effect of the hydroxymethyl
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Figure 2. Optimized geometric structures of hydrogen-bonded complexes of (a) ShmU, (b) U, (¢) 5FU, and (d) 5BrU with water
molecules. Fig. 2,a shows numbering of oxygen and nitrogen atoms in the studied molecules. Numbers next to dashed lines denoting
hydrogen bonds are the calculated hydrogen bond lengths in angstroms.

group (Fig. 3). In 5FU absorption, this band shifts
toward higher energy to 6.10eV (compared to 5hmU),
while in 5BrU it shifts back red to 595eV (Fig. 1,
table).

Calculated hydrogen complexes reproduce the exper-
imental shifts of the second absorption band in the
compound series studied (Fig. 1,b). These band shifts
correspond to changes in the energy gap 7 c—c) — 71<*C:01>
across the series: increased in 5FU and decreased in
5BrU compared to 5hmU (Fig. 3), corresponding to
hypsochromic shift in SFU absorption and bathochromic
shift in SBrU.
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Figure 3. Energies of some higher OMOs (Eomo) and lower UMOs (Eumo) from B3LYP/6-311+G(d,p) calculations of hydrated
hydrogen complexes of U, ShmU, 5FU, and 5BrU molecules. Vertical arrows indicate OMO-UMO pairs predominantly responsible for
transitions to excited singlet states (Sa, Sg et.c.). Molecular orbital depiction is for U molecule in gas phase.

In the single-pole approximation (assuming i — a transi-
tion does not mix with others), the singlet transition energy
in TDDFT is given by [38,39]

E(9¥ =ea — & +//(Pi* (M@a(T)

d

|F—r

+ (3 - fié)] i (F))op3 (F/)dF'dF,

(1)

where €5 and & — are energies of UMO and OMO, ¢ is
one-electron wave function, f;g and f% are exchange and
correlation integral kernels, and f = —L is the Coulomb
integral kernel.

If changes in these integrals are small across the com-
pound series compared to the energy gap magnitude, a
correlation occurs between the singlet transition energy
and the OMO-UMO gap that predominantly contributes
to this transition. According to (1), these integrals will
be similar if corresponding one-electron wave functions

[F=r]
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(MOs) are similar across the series. This condition is
satisfied here for the considered 7-MOs in the compounds
U, 5ShmU, 5FU, and 5BrU. Pearson correlation coefficient
for the first band energy and the HOMO-LUMO gap 71(c—c)
71<*C:C) in this series is R = 0.9857 with root mean square
deviation SD = 0.044 eV, and for the second band energy
and corresponding gap 7c—c) — ‘ﬂ(*C:Ol) — R =10.9246
and SD = 0.079eV. One cause for the lower correlation
coefficient for the second band is that the band maximum
energy may differ somewhat from that of the considered
electronic transition maximum, as the second band is
formed by two intense electronic transitions. This applies
especially to U and 5FU, where calculated intensities of the
second transition to excited state Sp are only about twice
smaller than for Sc¢ state (Fig. 1,b).

Conclusion

Absorption spectra in neutral aqueous solution of ShmU
as well as U, 5FU, and 5BrU have been obtained. The
hydrogen complex structures of these molecules with water
were modeled, consisting of 7 water molecules for ShmU
and 6 water molecules for U, 5FU, and 5BrU. The resulting
5hmU hydrogen complex structure corresponds to the fact
that DNA containing 5ShmU instead of thymine becomes
more hydrophilic.

It was shown that electronic spectra calculations of mod-
eled hydrogen complexes by TDDFT B3LYP/6-311+G(d,p)
with PCM well reproduce their absorption spectra in
neutral aqueous solution and the experimentally observed
band shifts in the studied compound series. A linear
dependence was found in the series between electronic
transition energies obtained from absorption spectra and
the energy gaps between the corresponding occupied and
unoccupied molecular orbitals calculated for the hydrogen
complexes. For the energy of the first absorption band
and the energy gap between the HOMO mc_c) and the
LUMO ﬂZ‘C:C) the Pearson linear correlation coefficient
is R=0.9857 with a root mean square deviation of
SD = 0.044eV. For the energy of the second absorption
band and the corresponding energy gap, the correlation
coefficient is 7c—c) — J'r(*C:Ol) — R =0.9246 with a root
mean square deviation of SD = 0.079eV.
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