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Abstract In the present work, the experimental and the
theoretical vibrational spectra of trifluorothymine were
investigated. The FT-IR (400-4000 cm ') and p-Raman
spectra (100-4000 cm ') of trifluorothymine in the solid
phase were recorded. The geometric parameters (bond
lengths and bond angles) and vibrational frequencies of
the title molecule in the ground state were calculated
using ab initio Hartree—Fock (HF) method and density
functional theory (B3LYP) method with the 6-31++G(d,
p) and 6-311++G(d,p) basis sets for the first time. The
optimized geometric parameters and the theoretical vibra-
tional frequencies were found to be in good agreement
with the corresponding experimental data and with results
found in the literature. Vibrational frequencies were assigned
based on the potential energy distribution using the VEDA 4
program. The dimeric form of trifluorothymine was also
simulated to evaluate the effect of intermolecular hydrogen
bonding on the vibrational frequencies. It was observed
that the stretching modes shifted to lower frequencies,
while the in-plane and out-of-plane bending modes shifted
to higher frequencies due to the intermolecular N-H---O
hydrogen bonds.
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Introduction

Most pyrimidine derivatives show antitumor, antiviral, anti-
pyretic, and anti-inflammatory activities due to the presence
of a pyrimidine base in thymine, cytosine, and uracil, which
are the building blocks of DNA and RNA [1]. Because of
their biological activities, pyridine-derived biomolecules
have received much attention from spectroscopic, clinical,
drug, and industrial researchers [1-9].

Fluorinated biomolecules have received attention because,
in most cases, they exhibit better bioactivities than their non-
fluorinated counterparts [ 10]. In particular, 5-fluoro-substituted
pyrimidines such as 5-fluorouracil, trifluorothymine, ftorafur
(tegafur), 5-fluorodeoxyuridine, and so on show significant
antitumor activity. Several studies of the synthesis, character-
ization, and pharmacological applications of fluorinated pyr-
imidines have been reported in the literature. The properties of
fluorine such as its strong electronegativity and small atomic
size as well as the low polarizability of the C-F bond can
influence the behavior of a fluorine-containing molecule in
a biological environment [11]. Introducing fluorine atoms
into biomolecules alters their physical, chemical, and bio-
logical properties significantly [10, 11]. Furthermore, fluo-
rine is the most abundant halogen in nature, but there are
only 13 natural fluorine-containing organic molecules [12].
Therefore, a great deal of effort has been directed into
synthesizing fluorine-containing biomolecules due to their
biological activities [10, 12].

Trifluorothymine (5-trifluoromethyluracil, 5-
trifluoromethyl-1H-pyrimidine-2,4-dione; chemical formula:
CsH;F;N,0,) is a nucleobase that has been modified by add-
ing halogen substituents. Trifluorothymine (TFT) and its deriv-
atives are widely used in antitumor and antiviral agent studies
[13-21]. TFT s also synthesized in the human body; Tandon et
al. have detected TFT as a metabolite in human urine [20].
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An earlier paper [22] reported experimental FT-IR and
FT-Raman spectra of 5-trifluoromethyluracil. Experimental
single-crystal XRD studies have also been performed on this
molecule [2, 23]. To our best knowledge, no computational
vibrational study on monomeric and dimeric TFT has been
published in the literature. Hence, in the work described in
this paper, a theoretical study was performed to obtain a
detailed description of the molecular structure and vibra-
tions of TFT, utilizing density functional theory (B3LYP)
with the 6-31++G(d,p) and 6-311++G(d,p) basis sets. Ex-
perimental FT-IR and p-Raman spectra of the molecule
were also recorded and compared with the results of the
theoretical studies.

TFT molecules are interconnected via dimeric N-H---O
hydrogen bonds in the solid phase at room temperature [2].
Intermolecular hydrogen bonding between complementary
nucleobase pairs is key to the formation of DNA and RNA.
However, hydrogen bonding causes significant shifts in the
vibrational frequencies of some characteristic modes, so
vibrational spectroscopy is very important tool for under-
standing the effect of hydrogen bonding. Therefore, in this
study, we determined the shifts in the vibrational frequen-
cies of dimeric TFT in order to investigate the effects of
intermolecular hydrogen bonding in the ground state. Ten et
al. have performed studies on the effects of hydrogen bond-
ing on the structure and vibrational spectra of adenine—
thymine [24] and adenine—uracil [25] complementary pairs
in the ground state. In this study, the effects of hydrogen
bonding on vibrational frequencies in the ground state were
investigated, but the dynamics of hydrogen bonding in an
excited state are very different. Indeed, hydrogen bonding in
excited states is particularly important in photophysical
processes and photochemical reactions. Excited-state
hydrogen-bonding dynamics are mainly determined by the
vibrations of the hydrogen donor and acceptor groups [26].
Zhao and Han have made significant contributions to the
literature regarding the effect of hydrogen bonding on vi-
brational spectra in the excited state [27, 28], internal con-
version and intersystem crossing [29, 30], and
intramolecular charge transfer in the excited state [31].

Experimental details

TFT was purchased from Sigma—Aldrich (St. Louis, MO,
USA) and used (i.e., its spectra were recorded) with no
further purification. The FT-IR spectrum (400-4000 cm )
of a KBr disk of TFT was recorded using a PelkinElmer
(Waltham, MA, USA) Spectrum One FT-IR spectrometer
with a resolution of 4 cm™' at room temperature. The p-
Raman spectrum (100-4000 cm™ ") of the title molecule was
recorded using a Jasco (Easton, MD, USA) NRS-3100 laser
Raman spectrophotometer at room temperature. The 785 nm
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line of a green diode laser was used as the exciting light, and
25 scans were accumulated.

Computational details

The optimized structure parameters and harmonic vibrational
frequencies of TFT were calculated using ab initio Hartree—
Fock (HF) method and density functional theory (DFT/
B3LYP) method with the 6-31++G(d,p) and 6-311++G(d,p)
basis sets. All computations were performed using the Gauss-
ian 03 program package [32]. The calculated harmonic fre-
quencies were scaled by 0.8900 and 0.9600 for the HF and
B3LYP levels of theory with the 6-31++G(d,p) basis set [33],
and 0.9050 and 0.9614 for the HF and B3LYP levels of theory
with the 6-311++G(d,p) basis set [34], respectively. Addition-
ally, the calculated vibrational frequencies were clarified by
performing a potential energy distribution (PED) analysis of
all the fundamental vibration modes using the VEDA 4 pro-
gram [35]. VEDA 4 has been used in previous studies by
many researchers to realize PED analysis of vibrational modes
[36-38].

Results and discussion
The optimized molecular structure of TFT is shown in Fig. 1

along with the atom numbering scheme. As seen in Fig. 1,
TFT is a molecule that has 15 atoms. Three Cartesian

Fig. 1 The optimized molecular structure of TFT
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displacements of 15 atoms provide 45 internal and 39 nor-
mal vibration modes.

The total energies (corrected for the zero point energy)
and the energy differences for the title molecule, calculated
using HF and B3LYP with the 6-31++G(d,p) and 6-311++G
(d,p) basis sets, are given in Table 1. As clearly shown in
Table 1, the geometry optimized using the B3LYP level of
theory with the 6-311++G(d,p) basis set has the lowest
energy.

Molecular geometry

TFT is a modified thymine where the hydrogen atoms of the
methyl group are substituted by fluorine atoms. The crystal
structure of the parent molecule, thymine, has been well-
characterized (see [39, 40]). Two detailed experimental
studies on the crystal structure of TFT have also been
performed [2, 23] in the last decade. We have shown the
optimized molecular structure of the title molecule in Fig. 1.
The optimized geometric parameters (bond lengths and
bond angles) obtained using HF and B3LYP with the 6-31
++G(d,p) and 6-311++G(d,p) basis sets are presented in
Table 2. Graphs comparing the optimized and experimental
bond lengths and angles are given in Figs. S1 and S2 of the
“Electronic supplementary material” (ESM), respectively.
The experimental geometric parameters given in [2, 23]
are also tabulated in Table 2 for comparative purposes.
As seen from this comparison, the optimized geometric
parameters of TFT are in good agreement with the ex-
perimental values. The slight differences observed be-
tween the calculated and experimental values result
from the fact that the theoretical calculations were per-
formed for isolated TFT in the gaseous phase, while the
experimental results were obtained for the solid phase of
TFT [41]. The largest differences between the calculated
(B3LYP/6-311++G(d,p)) and the experimental geometric
parameters are: 0.140 A for the C3-H1 bond, 0.142 A
for the N2-H3 bond, 0.028 A for the CI1-F1 bond,
0.026 A for the C2-C5 bond, 0.030 A for the C4-N1
bond, 0.022 A for the C5=02 bond, 3.4° for the angle
C4-N1-H2, 1.5° for the angle F2—C1-F3, 1.3° for the
angle C2—C1-F1, 0.9° for the angle C1-C2—C3, and 0.5°
for the angle N2-C5-02. Also, the calculated bond
lengths and angles of the CF; group are in good agree-
ment with those reported in the literature [2, 23, 42-44].

The C—F bond lengths of 1.360 A, 1.347 A, and 1.347 A
calculated using B3LYP/6-311++G(d,p) are in good
agreement with the corresponding experimental values
[2, 23]. The C1-C2 (C—CF;) bond distance of 1.499 A
calculated using B3LYP/6-311++G(d,p) is just 0.018 A
higher than the experimental value of 1.481 A [23]. The
characteristic bond lengths of C4=01 and C5=02 were
calculated to be 1.209 A and 1.210 A, respectively. The
corresponding experimental results were 1.232 A [2] and
1.228 A [23] for C4=01, and 1.213 A [2] and 1.232 A
[23] for C5=02.

TFT crystallizes in the space group P21/c, and the crystal
structure consists of planar thymine molecules linked to-
gether by N—H"--O hydrogen bonding, with the molecules
lined up in a head-to-head fashion [2]. Figure 2 shows the
optimized geometry of dimeric TFT. In dimeric TFT, the
donor—acceptor (D—A) and hydrogen—acceptor (H:--O) dis-
tances were calculated to be 2.833 A (D-A) and 1.811 A
(H--0) for N2-H3:-O1" and 2.889 A (D-A) and 1.873 A
(H---O) for N1'-H2' ---Ol1, respectively. In the single-crystal
XRD spectrum, the D—A and H---O distances were found to
be 2.824 A (D-A) and 1.994 A (H:-O) for N2-H3---O1'
and 2.849 A (D-A) and 2.000 A (H:--O) for N1'-H2"--O1,
respectively [2]. As seen from these distance values, the
calculated D—A values show very good agreement with
recorded spectral data. However, there are small differences
between the calculated and experimental hydrogen-bond
distances H---O because the calculated N-H bonds are
larger than the experimental ones.

Additionally, in order to determine the exact orienta-
tion of the CF; group, we calculated the total energy for
the dihedral angle F1-C1-C2-C5 for 6=120-240° in
increments of 10° using the B3LYP level of theory with
the 6-311++G(d,p) basis set (Fig. 3). As the curve in
Fig. 3 shows, the TFT molecule has its lowest energy
when the dihedral angle F1-C1-C2-C5 is 180°. The
orientation of the CF; group in the most stable form of
TFT is also shown in Fig. 3.

Vibrational assignments

To the best of our knowledge, there are no theoretical
studies on vibrational assignments for TFT in literature.
So, in order to obtain detailed vibrational assignments
for TFT, we performed computational analysis. The

Table 1 Calculated total
energies and energy differences
for TFT

B3LYP

6-31++G(d,p)

6-311++G(d,p)  6-31++G(d,p)  6-311++G(d,p)

Total energy (hartrees)
Energy difference (kcal/mol)

—748.019738
109.9 0.00

—748.194899 —751.808680 —751.998527

119.1 0.0
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Table 2 Experimental and
calculated geometric parameters
of TFT

Geometric Calculated values Experimental

parameters values
HF/6-31++  B3LYP/6-31++  HF/6-311++  B3LYP/6-311++  Ref[23] Ref[2]
G(d.p) G(d.p) G(d.p) G(d.p)

Bond length (A)

Cl1-C2 1.498 1.500 1.498 1.499 1.481

CI-F1 1.331 1.364 1.326 1.360 1.332 1.331

CIl-F2 1.320 1.351 1.314 1.347 1.331 1.329

C1-F3 1.319 1.351 1.314 1.347 1.350 1.328

C2-C3 1.335 1.356 1.333 1.352 1.346

C2-C5 1.469 1.469 1.470 1.468 1.442

C3-Hl1 1.073 1.084 1.073 1.082 0.940

C3-N1 1.361 1.366 1.361 1.364 1.353 1.359

C4-N1 1.378 1.399 1.378 1.399 1.369 1.355

C4-N2 1.368 1.382 1.368 1.382 1.370

C4-01 1.192 1.217 1.186 1.209 1.228 1.232

C5-N2 1.389 1.410 1.390 1.411 1.380

C5-02 1.191 1.218 1.185 1.210 1.232 1.213

NI1-H2 0.995 1.011 0.994 1.010 0.870

N2-H3 0.998 1.015 0.998 1.013 0.870

Bond angle (°)

C2-C1-F1 110.4 110.8 110.5 110.9 112.2 111.7

C2-C1-F2 112.3 112.3 112.2 112.3 112.7 113.3

C2-C1-F3 112.3 112.3 112.2 112.3 111.8 112.6

C1-C2-C3 121.5 121.0 121.5 121.0 121.9 121.1

C1-C2-C5 119.3 119.3 119.3 119.3 119.2 119.4

F1-C1-F2 107.0 106.8 107.0 106.8 107.5 107.1

F1-C1-F3 107.0 106.8 107.0 106.8 106.4 105.8

F2-C1-F3 107.5 107.4 107.6 107.4 105.9 105.8

C3-C2-C5 119.1 119.7 119.2 119.7 118.8 119.5

C2-C3-Hl 122.1 122.0 122.1 121.9 118.8

C2-C3-Nl1 1222 122.0 122.3 122.1 122.4 121.7

C2-C5-N2 113.7 113.3 113.6 113.1 114.6 113.6

C2-C5-02 125.5 126.3 125.6 126.3 125.3 126.3

N1-C3-H1 115.7 116.0 115.6 116.0 118.8

C3-NI-C4 1234 123.8 123.4 123.8 122.7 122.7

C3-NI-H2  120.9 121.1 120.8 120.9 118.7

N1-C4-N2  113.7 112.9 113.5 112.7 114.3 115.5

N1-C4-01 122.4 122.5 122.5 122.6 122.9 122.6

C4-N1-H2 115.7 115.2 115.7 115.2 118.6

N2-C4-01 123.8 124.6 1239 124.7 122.8 121.9

C4-N2-C5 127.8 128.4 128.0 128.6 127.0 127.0

C4-N2-H3 115.9 115.8 115.8 115.7 116.5 120.1

N2-C5-02  120.7 120.4 120.8 120.6 120.1

C5-N2-H3  116.3 1159 116.2 115.7 116.4

assignments were made using using PED analysis and

mode visualization.

Experimental FT-IR and p-Raman spectra for TFT are
shown in Figs. 4 and 5, respectively. The calculated IR and
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Raman spectra for TFT are shown in Figs. 6 and 7, respec-
tively, for comparative purposes. The scaled harmonic vi-
brational frequencies calculated for TFT at the HF and
B3LYP levels of theory as well as the observed vibrational
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Fig. 2 The optimized
molecular structure of dimeric
TFT

mode frequencies are presented in Table 3. Table 3 also
includes detailed PED assignments and the calculated IR
intensities and Raman activities. As seen from Table 3, some
bands are not very easy to discern in the experimental
spectra due to the presence of intenser broad bands in the
same region. A graph comparing the scaled theoretical and
experimental vibrational frequencies is given in Fig. S3 of
the ESM.

The calculated harmonic frequency values are higher
than the observed ones because anharmonicity was not
included in the calculations. A scaling procedure was
performed to improve the agreement between the harmon-
ic and the observed vibrational frequencies [45]. Also, the
harmonic frequencies were calculated for the gaseous
phase of isolated TFT, while the experimental spectra
were obtained from the solid phase of TFT. TFT mole-
cules are interconnected by dimeric N—H--*O hydrogen
bonds in the solid phase [2], so the observed and the

calculated frequencies do not agree for some modes.
However, there is good agreement between the calculated
frequencies of monomeric TFT (Fig. 1) and the vibrational
spectra of matrix-isolated thymine, uracil, and 1-
methyluracil [24, 25, 46]. Therefore, in order to determine
the shifts in the normal modes due to the effect of inter-
molecular hydrogen bonding, we calculated the vibrational
frequencies of dimeric TFT as given in [2] using the
B3LYP level of theory with the 6-311++G(d,p) basis set.
The calculated frequencies of the modes of monomeric
TFT that are most strongly affected by intermolecular
hydrogen bonding are compared with there corresponding
observed frequencies in Table 4. For the modes not shown
in Table 4, the average shift to a higher or lower frequen-
cy was 5 cm ! . The calculated frequencies and the shift
values for dimeric TFT are in good agreement with the
theoretical and experimental frequencies for adenine—thy-
mine and adenine—uracil pairs [24, 25].

Fig. 3 Energy curve as a 35
function of the dihedral angle
F1-C1-C2-C5, and the
orientation of the 3.0 1
trifluoromethyl group of TFT in
the ground state 3
g 254
g
= 20
>
2
2
w 1.5
Qo
=
8 40 Fl-C1-C2C5
& Experimental
178.6° [2]
054 179.0°[23]
B3LYP/6-311++G(d,p)
180.0°
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Fig. 4 The experimental FT-IR spectra of TFT in the solid phase

N-H vibrations

In heterocyclic molecules, N-H stretching vibrations are
observed in the region 3500-3000 cm™' [47]. As seen in
Table 3, two N-H stretching modes are calculated to
occur at 3491 and 3456 cmfl, but these modes were not
apparent in the experimental spectra. However, Ten et al.
did observe these modes at 3479 and 3432 cm' for
isolated thymine [24]. As shown in Table 4, the calculated
N1-H2 and N2-H3 stretching modes shifted by 300 cm ™'
to 3189 and 3155 cm ' in dimeric TFT, respectively.
Palafox et al. calculated the N-H stretching modes to
occur at 3184 and 3151 ecm ' for dimeric 5-aminouracil
[48]. These shifted N—H stretching modes were assigned
to 3205 (IR) and 3163 (IR) cm ', respectively, in the
experimental spectra, as in [49, 50]. However, no Raman
band is observed for the stretching modes of N-H in the
experimental spectra.

Based on the results of PED analysis shown in Table 3,
N-H in-plane bending (JHNC) vibrations contribute to
the four calculated modes at 1449, 1365, 1352, and
1162 cm™'. These frequencies were assigned to 1448
(IR)/1454 (Ra) cm ', 1362 (IR)/1362 (Ra) cm ', 1342
(IR)/1338 (Ra) cm ', and 1160 (Ra) cm ' , respectively,
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in the experimental FT-IR and p-Raman spectra shown
in Figs. 4 and 5. As seen in Table 4, the N-H in-plane
bending modes are shifted by 30-50 c¢cm™' to higher
frequencies due to the effect of hydrogen bonding in
dimeric TFT. These shifted modes were calculated to
occur 1497, 1419, 1383, and 1198 cm !, and assigned
to 1498 (IR)/1492 (Ra), 1419 (Ra), 1390 (IR)/1385
(Ra), and 1186 (IR)/1186 (Ra) cm ', respectively, in
the experimental FT-IR and p-Raman spectra. The the-
oretical computed frequencies for N-H in-plane bending
vibrations listed in Table 3 and Table 4 show excellent
agreement with recorded spectra and results in the literature
[3, 22, 24, 25, 48].

The N-H out-of-plane bending vibrations in mono-
meric TFT were calculated to occur in the region 650—
530 cm '. Three N-H out-of-plane bending vibrations
were assigned to 630 (IR)/651 (Ra), 554 (IR)/555 (Ra),
and 537 (Ra) cm ' in the experimental spectra. Also, as
seen in Table 3, N-H out-of-plane bending vibrations
(YHNCC) are observed in the results of PED analysis in
three modes. These N-H out-of-plane bending modes
were calculated to occur at 643, 561, and 549 cm .
In dimeric TFT, the calculated N—H out-of-plane bend-
ing vibrations were shifted by about 230 cm™' to higher
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frequencies, 863 and 812 cm™'. This is due to fact that
hydrogen-bond formation hampers H atom motion in the
direction perpendicular to the N—H bond both in the
plane and orthogonal to the plane. This causes out-of-
plane bending modes to shift to higher frequencies [25].
We assigned N-H out-of-plane bending modes to the
frequencies 857 (IR)/869 (Ra) and 818 (IR)/821 (Ra) in
the experimental spectra, as in [22, 50].

C-H vibrations

In heterocyclic organic molecules, C—H stretching modes
are observed commonly in the region 3100-3000 cm '
[45]. Table 3 lists a calculated C—H stretching mode that
occurs at 3090 cm . From the experimental FT-IR and p-
Raman spectra given in Figs. 4 and 5, the observed peaks
at 3092 (IR)/3090 (Ra) were assigned to a C—H stretching
mode of TFT. As seen from the results of PED analysis in
Table 3, C-H in-plane bending vibrations (HCC) contrib-
ute to some modes in the region 1600-1100 cm ', Hence,
an FT-IR band at 1362 cm™' and p-Raman bands at 1362
and 1160 cm ' were assigned to C—H in-plane bending.
The calculated mode at 921 cm™' given in Table 3 was

@ Springer

2000 1000 0
Wavenumbers (cm')

assigned to the C-H out-of-plane bending mode at
917 cm™ ' in the p-Raman spectrum.

C=0 vibrations

Typical characteristic absorption bands of C=O stretching
vibrations of uracil and its derivatives are very complex,
and appear as very broad and strong IR bands [51]. At
first glance, the observed bands at 1734 (IR)/1714 (Ra)
em ' and 1701 (IR)/1692 (Ra) cm ' can be assigned to
C4=01 and C5=02 stretching modes, respectively. How-
ever, the C4=01 stretching mode was calculated to occur
at a lower frequency than the C5=02 mode in dimeric
TFT. The crystal structure consists of TFT molecules
linked by dimeric N-H:--O hydrogen bonds involving
N1, N2, and the keto oxygen O1 [2]. O2 is not involved
in this N-H---O hydrogen bond. As seen from Table 4,
the C4=01 stretching-mode frequency changes notice-
ably due to hydrogen bonding. This frequency was cal-
culated to be 1746 cm ' in monomeric TFT (Table 3),
but it is shifted by 45 cm ' to the lower frequency of
1701 em ™' in dimeric TFT (Table 4), while the C5=02
stretching mode was calculated to occur at 1713 and
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Table 3 Observed and calculated vibrational frequencies of TFT

1

1

Vibration Calculated frequencies in cm Calculated frequencies in cm Observed Assigments
no. (IR intensity/Raman activity) (IR intensity/Raman activity) frequencies
HF/6-31++G(d,p)  B3LYP/6-31++G(d,p) HF/6-311++G(d,p) B3LYP/6-311++ FT-IR  p-Raman
G(d.p)

vl 3459 (154.7/78.4) 3495 (125.2/102.8) 3504 (149.3/77.7) 3491 (123.6/100.4) vNH(100)

V2 3428 (113.4/55.0) 3459 (81.2/76.0) 3471 (108.6/55.8) 3456 (79.9/75.6) vNH(100)

V3 3036 (0.8/66.5) 3109 (0.9/82.4) 3066 (0.7/64.6) 3090 (1.0/79.2) 3092s 3090 w  vCH(99)

v4 1777 (456.3/43.9) 1747 (630.6/40.0) 1801 (500.8/40.1) 1746 (650.6/38.1) 1735vs 1714s OC(80)

V5 1760 (1406.8/20.1) 1715 (766.1/47.2) 1783 (1396.4/22.4) 1713 (769.5/46.0) 1701 vs 1692 vs  1OC(79)

V6 1652 (264.4/31.6) 1629 (125.1/27.3) 1673 (270.9/31.2) 1625 (137.3/26.8) 1655s 1655m  vCC(63)+JHCC(13)

V7 1474 (249.9/10.9) 1449 (153.5/10.3) 1495 (225.9/11.3) 1449 (132.4/10.6) 1448 s 1454 m  0CCN(56)+vNC(22)

V8 1395 (216.2/0.9) 1366 (147.6/0.9) 1415 (138.9/1.2) 1365 (81.5/1.1) 1362 sh 1362 vs 6HNC(41)+20C(13)+5HCC(10)

9 1383 (45.0/3.3) 1348 (50.1/2.5) 1405 (153.8/3.4) 1352 (124.0/3.1) 1343 vs 1338 m  dHNC(38)+vNC(23)+JOCN(12)

v10 1333 (47.8/21.3) 1312 (86.1/16.1) 1350 (62.2/19.6) 1311 (112.7/14.7) 1343 vs 1338 m  JHCC(44)+vCC(17)+vNC(12)

vll 1319 (98.0/3.6) 1281 (91.6/10.3) 1333 (95.2/4.7) 1273 (88.3/10.5) 1243 s 1239w vCC(33)+uvNC(16)+0FCF(13)+
VFC(12)

vi2 1203 (332.3/3.2) 1165 (87.7/0.7) 1215 (351.0/2.9) 1162 (100.0/0.6) 1186s 1186 m  vNC(25)+5HCC(19)+rHNC(18)

v13 1189 (121.0/3.1) 1132 (56.3/1.7) 1203 (97.8/2.3) 1119 (57.9/1.8) 1131vs 1122w  ©NC(51)+vFC(10)

vl4 1185 (94.2/0.9) 1111 (293.2/3.3) 1197 (138.9/1.8) 1095 (308.3/2.9) 1059s 1045w  vFC(77)+~+FCFC(12)

vlS 1116 (180.5/0.9) 1084 (206.5/3.1) 1129 (177.2/0.9) 1072 (216.6/3.3) 1059s 1045w  FC(54)+vNC(12)

vl6 1021 (168.6/1.5) 999 (144.4/2.6) 1036 (174.0/1.4) 997 (145.9/2.5) 1013 m 1021 m  vFC(29)+5CCN(20)

vl7 980 (16.8/2.3) 935 (18.0/2.0) 986 (15.8/1.9) 934 (23.3/2.2) 917 w OCNC(28)+vNC(27)+5OCN(10)

v18 946 (16.4/1.1) 921 (20.7/0.9) 959 (17.7/1.2) 921 (21.1/0.6) 917 w ~YHCCC(83)

v19 770 (39.6/1.9) 757 (0.5/10.2) 787 (32.9/1.9) 756 (0.4/8.8) 749 m 758 vs vNC(33)+0CNC(17)+vFC(12)+
ONCN(11)

120 767 (1.3/3.2) 746 (5.6/0.6) 780 (0.6/2.2) 752 (10.9/0.6) 749 m 758 vs OC(79)+~ONNC(78)

121 752 (74.2/0.4) 715 (1.3/14.7) 769 (62.9/0.5) 725 (45.4/0.1) ~YONNC(87)

122 726 (6.6/13.5) 713 (48.5/0.1) 739 (8.2/13.5) 717 (1.4/14.8) VFC(34)+FCF(18)+vNC(13)+
ONCN(11)

V23 638 (97.5/0.6) 650 (89.5/0.8) 634 (105.4/0.5) 643 (89.2/0.7) 629 s 651's ~YHNCC(89)

124 620 (4.2/3.4) 608 (4.6/3.9) 633 (4.4/3.4) 611 (5.2/3.9) 613 m 00OCN(42)+1FC(12)+6CCC(12)

125 589 (71.3/0.5) 582 (58.0/0.4) 599 (72.0/0.6) 585 (58.8/0.4) ONCN(37)+dFCF(28)+dCNC(13)

126 568 (23.1/0.4) 567 (56.2/0.1) 580 (18.8/0.6) 561 (44.4/0.1) 555s 555s ~YHNCC(66)+~+FCFC(16)

V27 544 (55.3/0.1) 547 (0.4/0.7) 539 (49.5/0.1) 549 (7.7/0.8) 537sh  ~HNCC(32)+~1FCFC(24)+
vFC(11)+0FCF(10)

128 527 (11.3/4.5) 522 (8.6/5.4) 535 (10.6/4.7) 523 (8.7/5.5) 537 sh 0CNC(43)+vNC(26)

129 515 (0.2/0.4) 501 (0.5/0.7) 529 (1.0/0.4) 507 (0.7/0.8) 497w 498 w O0FCF(45)+JOCN(18)+
~FCFC(15)+vFC(11)

130 426 (1.9/0.6) 414 (3.0/0.6) 435 (1.4/0.5) 416 (2.5/0.5) 429 w OFCF(55)+~CCCC(16)

V31 393 (36.1/1.2) 383 (24.8/1.5) 402 (35.5/1.1) 386 (24.3/1.5) 410m 41lm 0OCN(49)+d0CNC(20)

V32 374 (27.3/0.9) 370 (18.7/0.4) 372 (31.7/1.0) 368 (20.8/0.4) 354 m TCCNC(55)+7CNCN(13)

133 338 (4.7/1.5) 332 (3.4/1.8) 346 (4.4/1.5) 334 (3.3/1.8) 314 m 0FCF(32)+~1FCFC(21)

V34 283 (0.5/2.1) 283 (0.3/2.7) 288 (0.5/2.2) 284 (0.3/2.8) 271w CC(28)+JCCN(13)+0FCF (13)

V35 179 (0.1/0.5) 179 (0.2/0.5) 178 (0.1/0.6) 176 (0.1/0.6) 193 m ~CCCC(35)+7CNCN(22)+
~FCFC(14)

V36 157 (1.3/0.1) 158 (1.2/0.1) 160 (1.4/0.1) 159 (1.2/0.1) 129 vs 0CCC(58)+0CCN(11)+
~FCFC(11)

V37 145 (1.1/0.1) 142 (1.2/0.1) 136 (0.7/0.1) 134 (1.1/0.1) TCNCN(85)

138 75 (2.9/1.1) 75 (2.9/1.8) 75 (2.8/1.1) 74 (2.8/1.7) TCNCN(49)+7CCNC(26)

139 56 (0.5/1.2) 50 (0.4/1.5) 57 (0.5/1.2) 50 (0.4/1.5) TFCCC(75)+~CCCC(15)

v stretching, J in-plane bending, v out-of-plane bending, 7 torsion, vs very strong, s strong, m medium, w weak

PED values lower than 10% are neglected
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Table 4 Observed and calculated vibrational frequencies of TFT calculated at the B3LYP/6-311++G(d,p) level of theory

Vibration no. Calculated frequencies in cm ™' (IR intensity/Raman

Shift values (cm™ ') Observed

Mode assignments

activity) frequencies
Monomeric Dimeric FT-IR p-Raman
vl 3491 (123.6/100.4) 3189 (2553.2/18.3) 302 3205 s v(N1-H2)
12 3456 (79.9/75.6) 3155 (0.9/725.5) 301 3163 s V(N2-H3)
v4 1746 (650.6/38.1) 1692 (734.3/36.1) 54 1701 vs  1692vs (C4=02)
V7 1449 (132.4/10.6) 1497 (95.6/45.3) —48 1498 s 1492 m  O(N1-H2)
8 1365 (81.5/1.1) 1419 (13.3/24.7) —54 1419 m  6(N2-H3)
19 1352 (124.0/3.1) 1383 (235.7/4.4) =32 1390 sh  1385sh O(N1-H2)+1/(C-N)agym
v12 1162 (100.0/0.6) 1198 (140.4/1.9) =36 1186 m 1186 m  §(N1-H2)+d§(C3-H1)
v17 934 (23.3/2.2) 959 (13.5/2.2) =25 975m 978w angle deformation(C4-N1-C3)
V23 643 (89.2/0.7) 863 (148.9/1.3) —220 857 m 869w Y¥(N2-H3)
V25 561 (44.4/0.1) 812 (16.9/0.4) —251 818sh 821 m Y(N1-H2)
V31 386 (24.3/1.5) 411 (87.2/2.7) =25 410 m 411w 0(C4=01)
113 (0.3/0.5) Lattice mode
54 (0.5/0.1) Lattice mode
42 (1.3/0.4) Lattice mode

v stretching, 0 in-plane bending,  out-of-plane bending, 7 torsion, vs very strong, s strong, m medium, w weak

1720 cm™' in monomeric and dimeric TFT, respectively. For
this reason, we believe that observed bands at 1734 (IR)/1714
(Ra) cm ' and 1701 (IR)/1692 (Ra)em ' should be assigned
to the C5=02 and C4=01 stretching modes, respectively.
Furthermore, the observed bands at 410 (IR)/411 (Ra) were
assigned to C=0 in-plane bending vibrations, while the ob-
served bands at 752 (IR)/758 (Ra) cm™ ' were assigned to C=0
out-of-plane bending. The calculated and experimental C=0O
vibrational frequencies show excellent agreement with those
seen in our recent study of 5-bromo-2'-deoxyuridine [3].

CF;/C—CF; vibrations

The assignments for the fluoromethyl group vibrations of
TFT and various molecules are discussed in the literature
[22, 42—44]. Our assignments, shown in Table 3, are in
good agreement with the results of previous studies. As
seen from the results of PED analysis in Table 3, CF;
group vibrations contribute to many frequencies in the
fingerprint region. In the mid-IR region, the bands ob-
served at 1130 (IR)/1122 (Ra) cm ™', 1058 (IR)/1045 (Ra)
em ', and 1013 (IR)/1021 (Ra) cm ' were assigned to
C—F stretching modes. CF; group deformation vibrations
were identified in the region 720-300 cm ' [22, 42-44].
However, some bands were not observed in the experi-
mental spectra due to the presence of intenser broad
bands located in the same region. Bands observed at
497 (IR) cm ' 429 (Ra) cm ', and 314 (Ra) cm ' were
assigned to FCF angle deformation modes. Also, bands at
1242 (IR)/1239 (Ra) cm ' were assigned to C—CF; stretching,

@ Springer

while those at 193 (Ra) cm ' and 130 (Ra) cm ' were
assigned to C—CF; out-of-plane bending and in-plane bending
vibrations, respectively.

Conclusion

In this work, we performed experimental and theoretical
vibrational analysis, and investigated the structural ge-
ometry of the TFT molecule. Calculations were per-
formed at the HF and B3LYP levels of theory with
the 6-31++G(d,p) and 6-311++G(d,p) basis sets. Based
on the calculated energies, the optimized structure at the
B3LYP/6-311++G(d,p) level of theory had the lowest
energy. The parameters of the optimized structure were
also in good agreement with the results of previous
experimental studies. The scaled harmonic vibrational
frequencies were compared with those observed in
recorded FT-IR and p-Raman spectra, and quite good
agreement between the observed and the calculated fre-
quencies was noted. Also, the results of our detailed
PED analysis were in good agreement with results
reported in the literature and the theoretical background.
Vibrational analysis of the dimeric TFT molecule en-
abled us to evaluate the effect of hydrogen bonding on
the vibrational frequencies and to improve the accuracy
of assignments to the experimental spectra. Calculations
performed at the B3LYP/6-311++G(d,p) level yielded
good results for TFT in terms of calculated frequencies
and optimized geometric parameters.
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