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Abstract

A theoretical and experimental vibrational study of the anti-HIV d4T (stavudine or
Zerit) nucleoside analogue was carried out. The predicted spectra in the three most stable
conformers in the biological active anti-form of the isolated state were compared. Comparison
of the conformers with those of the natural nucleoside thymidine was carried out. The
calculated spectra were scaled by using different scaling procedures and three DFT methods.
The TLSE procedure leads to the lowest error and is thus recommended for scaling. With the
population of these conformers the IR gas-phase spectra were predicted. The crystal unit cell
of the different polymorphism forms of d4T were simulated through dimer forms by using
DFT methods. The scaled spectra of these dimer forms were compared. The FT-IR spectrum
was recorded in the solid state in the 400-4000 cm™ range. The respective vibrational bands
were analyzed and assigned to different normal modes of vibration by comparison with the
scaled vibrational values of the different dimer forms. Through this comparison, the
polymorphous form of the solid state sample was identified. The study indicates that d4T exist
only in the ketonic form in the solid state. The results obtained were in agreement with those
determined in related anti-HIV nucleoside analogues.
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1. Introduction

The WHO estimates a total of 36.7 million people living with HIV [1]. This infection
urges the scientific community to explore and develop novel and more potent antiviral agents.
Different strategies have been employed by researchers in the production of novel antiviral
drugs. The compounds synthesized fail within different categories depending on the target of
interaction in the HIV replicative cycle [2]. One of the targets that have been envisaged most
intensively is reverse transcription, catalysed by reverse transcriptase (RT). The RT associated
with HIV is actually the target for three classes of inhibitors: nucleoside RT inhibitors
(NRTISs), nucleotide RT inhibitors (NtRTIs), and non-nucleoside RT inhibitors (NNRTIs). The
nucleoside-based antiviral agents are synthetic agents whose structure is similar to the
naturally occurring nucleosides of DNA and RNA. They are considered as the most common
antiviral agents with immune-modulator activity.

There are several NRTIs that have been formally approved for the treatment of HIV
infection. One of the most used is d4T. Stavudine (d4T or 3'-deoxy-2,3"-didehydro thymidine)
has been one of the first nucleosides synthesized at the Michigan Cancer Foundation [3], and
it was approved by the FDA for clinical use again the HIV virus. This anti-viral agent belongs
to the NRTIs with also a broad variety of others pharmaceutical behaviors as anti-tumor and
antibiotic agents [4,5]. It is widely prescribed in resource-limited settings [6-8], and it is an
effective and inexpensive antiretroviral drug, although no longer recommended by WHO for
first-line treatment due to toxicity concerns [9-11]. Because of the high cost of alternative
drugs, it has not been feasible to replace d4T in most adults [12]. Thus, a new combined
antiretroviral therapy (CART), in which d4T was replaced by AZT after 24 weeks of therapy
have been proposed [13,14]. Alternatively, several d4T derivatives are being analyzed as
possible drugs [15]. Because 2',3'-dideoxynucleosides (ddNs) are the most important class of
nucleosides active against HIV, and d4T is one of the simple structures, it is the interest of the
present manuscript.

The bio-activity of d4T compound can be explained by considering that as d4T is
attached to the DNA chain, no further growth can take place in the DNA chain due to the
absence of the hydroxyl group (O3'-H group) in d4T. This —OH group is necessary for the
triphosphorylated nucleotides to grow in the DNA chain. Although d4T is not
triphosphorylated, the active form of d4T takes place in the cells by triphosphorylation just
like in natural nucleosides and hence, it inhibits the replication of HIV.

Many studies related to the activity of d4T [16] as compared with other prodrugs have
been reported [17-19], but little appears on the structure and spectroscopy of this compound.
For this purpose, in a previous study the conformational analysis of the d4T structure [20] and
other related prodrugs were carried out using MP2 and DFT methods [21-23]. However, the
assignments of all the fundamental vibrations of the experimental spectra have not yet been
reported, highlighting the importance of the present study.



The main aims of the present study were: (i) to simulate the IR spectrum of d4T in gas
phase through the population of the three most stable conformers and to carry out an accurate
characterization of all the calculated wavenumbers; (ii) to describe the methodology and
accuracy of the different procedures to scale the wavenumbers; (iii) to simulate the crystal
unit cell of the three polymorphism forms of d4T by a dimer form using three DFT methods;
(iv) to compare the simulated scaled IR spectra of these dimer forms with that recorded by us
in the solid state; (v) to identify the dimer form that appears in the solid state sample and to
interpret in detail its experimental IR spectrum; (vi) to select which of the B3LYP, X3LYP
and M062X DFT methods is the more appropriate to predict the spectra.

2. Experimental

DAT of spectral grade was obtained from M/s Aldrich Chemicals (Milwanke, W1 USA). The sample
was obtained in powder form, without specification of the crystal form, and it was used as such without any
further purification. The d4T sample was prepared in KBr pellet (with 1 mg sample per 300 mg KBr), and
FTIR spectra were recorded using a Tensor 27 spectrometer (Bruker Optik GmbH, Germany). The
measurements were done in transmission mode in the spectral region from 4000-400 cm™. Before
every sample a background measurement was collected to account for variation in water vapor and
CO>. The resolution was 1 cm™ and the spectrum was an average of 40 scans. The acquisition of
spectral data was performed by the OPUS LAB v 6.1 software.

3. Computational Methods

Mainly three levels of theory were used for geometry optimisations of the monomer form:
B3LYP/6-31G(d,p), B3LYP/6-311++G(3df,pd) and MP2/6-31G(d,p), while for optimisations and
vibrational wavenumbers of the three dimer forms were: B3LYP/6-31G(d,p), X3LYP/6-31G(d,p) and
MO062X/6-31G(d,p). The vibrational wavenumbers obtained by these DFT methods appear very accurate
and they are available in the Gaussian 09 [24] program package. B3LYP is slightly better than the MO6L
method, in accordance to a previous work carried out by us in a benzene derivative [25]. In general, DFT
methods have been applied properly in many studies of drug design [26-29], in canonical nucleosides
[30,31] and in nucleosides analogues [32,33]. In particular, the B3LYP/DFT method was chosen mainly
because of the following three reasons: (i) this method is one of the most accurate and mostly used today
in many biological systems [34,35], including Watson-Crick DNA base mispairs [36-39], i.e. it is the most
standard method [40-45]; (ii) many studies have reported that the wavenumbers obtained with this method
are better than those determined by other more costly computational ones. Especially the vibrational
frequencies of nucleic bases calculated with this method are better than those obtained with MP2 and HF
methods [46-49]; and (iii) scaling equations (LSE) are available with this method to reduce the error
between theory and experiment [25,46-49].

Without imposing molecular symmetry constraints in the optimization process, the final geometry
was obtained by minimizing the energy with regard to all geometrical parameters. For this optimization the
Berny algorithm in redundant internal coordinates was used under the TIGHT convergence criterion. The
default fine integration grid was employed. All the computed structures are true minima proved by no
negative wavenumbers. The optimized structural parameters were used in the vibrational frequency
calculations within the harmonic approximation at the same level of theory used for the optimized
geometry. The vibrational assignments were interpreted by using the animation option of GaussView 5.1
graphical interface for Gaussian09 program [50]. The zero-point vibrational energies (ZPE) were included
in the calculation of the relative energies. The determination of these ZPE was performed with the



wavenumbers maintained unscaled. All quantum chemical calculations have been carried out on the Quipu
computer of the “Centro Computacional de la Universidad Complutense de Madrid”.

Although several basis sets were used in the present research, only the results with 6-31G(d,p) basis
set are discussed, mainly due to small improvements reached with its increment. With these methods and
basis set we have previously studied the geometry and thermodynamical parameters of a series of
nucleosides analogues [51-54]. Natural atomic charges were computed with the NBO procedure [55]. These
atomic charges are of the most accurate today to correlate properties, and they were determined with the
keyword POP = NPA.

4. Interaction Energies

The interaction energies were computed on the different polymorphism forms of d4T. These energies
were calculated on the B3LYP optimized dimer structures with the 6-31G(d,p) basis set, including the ZPE
correction. The interaction energies were also corrected for basis set superposition error (BSSE) using the
standard counterpoise (CP) procedure [56-58] as follows:

The total CP corrected interaction energy, AEXFB’ , between the molecules A and B of the different dimer

forms of the nucleoside d4T is calculated according to:
AEQR =E'"(AB) + EY%f(AB)

where EM(AB) is defined as:
ENt(AB) = EAB(AB) - EAB(AB) - EAB(AB)
where EQE(AB) stands for the electronic energy at the optimized geometry of the whole system (dimer

form), and EﬁB (AB) (or E£B(AB)) is the electronic energy of the isolated subsystem A (or B) (frozen)
in the entire system AB (dimer).

The deformation energy E%"(AB) is defined as:  EY¢f (AB) = EQef (AB) + EQef (AB)

where the deformation energy of monomer, X (= molecule A or B) is:
ESEF (AB) = EX (AB) - EX (X)
The subscripts represent the molecular system and the superscripts refer to the type of calculation that
is done: with the basis set on the whole system (AB) (dimer form), or the basis set of the monomer (X)

(monomer form). The parentheses show whether the computation is carried out at the optimised geometry
of the whole system (AB), or at the monomer optimised geometry (X).

5. Results and discussion

5.1 Geometry optimization in the isolated state

The structure of d4T, as in other nucleosides, is dominated by three fragments, the
thymine ring, the furanose ring and the 5’-hydroxymethyl moiety. The N1 atom of the thymine
ring is attached to the C1’ atom of the furanose ring. The labelling of the atoms on d4T and dT
molecules as well as the most important endocyclic and exocyclic torsional angles are shown
in Scheme 1. They are in accordance to Saenger’s notation [59]. In nucleosides (Ns) there are
several structural parameters that are considered to characterize their different conformations:



e The exocyclic B(C4’-C5°-0O5"-H5") torsional angle, which defines the orientation of
H5" related to the furanose ring.

e The exocyclic y(C3'-C4"-C5"-05") torsional angle which defines the orientation of O5’
related to the furanose ring.

e The glycosylic x(04'-C1"-N1-C2) torsional angle, which defines the perpendicularity
of the thymine ring plane related to the furanose ring plane, appearing in three main
orientation forms: anti, high-anti, and syn.

e The pseudorotational furanose pucker angle P, defined in the bottom of Table 1.

In a previous study, and through 3D potential energy surface, 25 local minimum by
MP2 and several DFT methods were determined [20]. From them, the three most stable
conformers in the biological active anti-form are plotted in Fig. 1, and the most characteristic
parameters are included in Table 1. The highest stability of these three conformers is due to an
intramolecular C6H---O5’ hydrogen bond. The CH groups as donor of protons play a
significant role in the functioning of biologically important compounds through intermolecular
[60] and intramolecular [61] C-H---O H-bonds.

The approximate estimated energy barrier conformer C1 — C3, through B direction in
the PES, is calculated to ca. 12.0 kJ/mol. The molecular structure of the best conformer of the
thymidine (dT) molecule (conformer C1) is also included in Fig. 1. The torsional angle p=-
176.1° of this conformer of dT differs remarkably to that optimized in the best conformer of
d4T, B= 63.8°. The orientation of P~180° of dT is the most appropriate for the first
phosphorylation step, which is consistent with that of the dT5’-triphosphate bound to HIV RT
[52]. However, the value of  in d4T appears much less feasible, and it can be one of the
reasons why the proportion of phosphorylated compounds is in general very small in the
majority of prodrugs [52]. In addition, a lower value of P and vmax in d4T than in dT, indicate
a worse flexibility of the sugar ring in d4T than in dT, i.e. a worse adaptation to the different
enzymatic reactions.

The main structural difference between d4T and dT is the occurrence of the C2'=C3’ double
bond. This feature leads to a nearly planar furanose ring with a high extent of rigidity. In
addition, the higher presence of low-lying vibrational modes in dT than in d4T is indicative of
higher conformational flexibility in dT than in d4T.

5.2 Geometry in the solid state.

Depending on the experimental conditions of the crystal formation, several
polymorphism forms appear in the solid state of d4T. Thus, several kinds of crystal forms have
been observed, as seen in Table 2: orthorhombic [62], rhombic [63,64], monoclinic [62,65]
and triclinic [62,66]. The notation used for the corresponding dimers is as follow: dimer V,
dimer I (symmetric dimer), and dimer G or H. The optimized dimer structures of d4T with the
B3LYP method are plotted in Fig. 2. For simplicity, the main selected characteristic parameters
are only collected in Table 2 for B3LYP, X3LYP and M062X methods. In general, comparable
values were obtained by these methods.



Dimer V is formed by an intermolecular hydrogen bond between the hydroxyl oxygen
of the first monomer and the hydroxyl hydrogen of the second monomer. Both monomers of
the dimer appear in the conformation C3.

Dimer | is obtained by intermolecular H-bonds of the two thymine rings with both
molecules in conformation C1: (i) The 1% H-bond between the oxygen atom in the C2=0 group
of the first monomer (A) and the hydrogen atom in the N3-H group of the second monomer
(B), and (ii) the 2" H-bond between the oxygen atom in C4=0 group of the second monomer
and the hydrogen atom of the N3-H group of the first monomer.

Dimer G can be formed with conformers C1 (Fig. 1) and with conformers C1 and A2
[20]. In the first type with conformers C1, the dimer is obtained by a rotation of the thymine
ring of the second monomer that leads to the formation of two H-bonds: (i) The 1% one between
carbonyl oxygen C2=0 of the first monomer (A) and the amino hydrogen N3-H of the second
monomer (B); and (ii) The 2" one is formed between the oxygen in the C2=0 group of the
second monomer and the amino hydrogen N3-H of the first monomer.

The second type of dimer G is formed with conformers C1 and A2. It has the same H-
bonds than the first type with conformers C1. Related to the first type, this dimer is obtained
by a rotation of the furanose ring in monomer 2.

The calculated interaction energy is slightly higher in dimer | than in dimer G with
monomer C1, which has the lowest value, as seen in Table 3. For simplicity, the values were
only shown for the M062X method. The highest value corresponds to dimer V. It is because
the deformation energy E®'(AB) is slightly larger in dimer I than in dimer G (monomer C1).
As expected, dimer V has the lowest deformation energy. This is because only one H-bond is
formed and it is through the O5'H group. Therefore, the CP corrected energy is the highest (in
negative value) in dimer V.

In these studies, as well as in others X-ray studies [67,68] of related nucleosides, the
torsional angle y is always in anti orientation. The optimized thymine ring structure of the
molecule is almost planar, in agreement with its experimental X-ray data available [69], and
with that determined theoretically [70], as well as that reported by gas-phase electron
diffraction in uracil molecule [71].

The optimized structural parameters of these dimer forms were compared with those
reported by X-ray, as shown in Fig. 2 and Table 2. The concordance obtained of our calculated
values with the experimental X-ray data confirms the validity of our calculations performed
on d4T.

5.3 Procedures to improve the frequencies: the scaling

The wavenumbers calculated with the most accurate quantum chemical methods and
with the largest basis set don’t need to be corrected (scaling). However, these methods are too
expensive to be applied for the calculation of the vibrational spectrum of a polyatomic
molecule of even a modest size. Thus, one may be forced to work at small level, with the
consequence of the deficiency of the theoretical approach, and thus it is expected a large
overestimation of the calculated vibrational wavenumbers. However, this error can be
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remarkably reduced with the use of transferable empirical parameters (corrections) for the
computed wavenumbers, i.e. the scaling. Therefore, with this procedure of scaling it is possible
to determine the vibrational wavenumbers of useful accuracy to be obtained from procedures
of only modest computational cost.

The theoretical methods predict the vibrational spectra of molecules in the isolated
state, but if we have the experimental values in the solid state, the difference between theory
and experiment can be very large in the modes involved in intermolecular H-bonds. Thus, to
avoid a mistake in the assignment it is recommended to use this methodology and to carry out
these two points:

- To simulate with a theoretical model this solid state. In a simple way, in many cases it is
enough with the simulation of the crystal unit cell. In the present study with d4T it was carried
out through a dimer form.

- To use very accurate scaling procedures for scaling the wavenumbers [25,47-49].

Five procedures of scaling the computed wavenumbers, as described below, can be used
satisfactorily depending on the accuracy required:
(i) By using two overall scale factors procedure (OSF): it is the simplest and easiest way
and thus it is the procedure generally used in the bibliography to scale the wavenumbers [49].
The equation used is: ~ vs@ = a.v&

At the B3LYP/6-31G(d,p) level the following factors are used:
a=0.9614 for high wavenumbers and
a=1.0013 for low values.

However, with this procedure there is a large error in the scaled values, although much lower
than without scaling. This error can in some cases make assignment difficult, whereas in other
cases contribute to a clear and accurate assignment.

(if) By using a linear scaling equation procedure (LSE): a linear relationship is established
between the calculated and experimental wavenumbers.
Vscal. = a+ b_vcal.

With the 6-31G(d,p) basis set, the following factors are used:

levels a b

B3LYP | 29.445.3 0.9475+0.0033
X3LYP | 27.9+5.2 | 0.9462+0.0033
MO062X | 22.7+6.0 0.9417+0.0037

Another equation can also be used with similar result:
vl =346 + 0.9447 v at B3LYP/6-31G(d,p) level [48].

For the calculation of the “a” and “b” coefficients, this procedure requires the previous
computed frequencies of a simple and related structure in which the gas phase vibrational
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frequencies have been reported. For d4T, the values calculated in uracil molecule [48] at the
same level that in the present study were used. This is connected to the transferability of these
equations to related molecules. The LSE procedure developed by one of the authors represents
a compromise between accuracy and simplicity, especially for DFT methods, and therefore it
was one of the methods used for scaling the wavenumbers, as shown in Table 4.

For the LSE procedure, the linear regression between the computed and experimental
frequencies obtained at the B3LYP/6-31G(d,p) level in the uracil molecule leads to a
correlation coefficient of 0.9996 with a standard deviation of 16.2. With a larger basis set, such
as 6-311++G(3df,pd) the correlation coefficient is slightly improved, i.e. 0.9998, and the
standard deviation slightly reduced, i.e. 15.8, which is very close to our results. Thus, the errors
obtained in the predicted wavenumbers of the present investigation were very small, the mean
deviation was 10 cm™ (1%). These errors are very close to those obtained in other molecules
studied earlier by us [48]. For simplicity, Table 4 only shows the scaled frequencies calculated
with this LSE procedure.

(iii) By using two linear scaling equation procedure (TLSE): a small improvement
compared to the LSE procedure can be reached if two equations, one for high wavenumbers
(4000-1500 cm™?) and another for low values (1500-0 cm™), are used instead of only one
equation.

Vscal. - a+ b_vcal.

With the 6-31G(d,p) basis, the following factors are used:

4000 — 1500 cm'? 1500 — 0 cm™
levels a b a b

B3LYP 34.7£16.0 | 0.9429+0.0056 | 3.3+5.9 | 0.9813+0.0064
X3LYP 27.3£16.6 | 0.9436+0.0058 | 3.1£6.0 | 0.9787+0.0065
M062X | -51.4+22.0 | 0.9633+£0.0076 | 5.7+¢6.0 | 0.9670+0.0064

(iv) By using a polynomic scaling equation procedure (PSE): the relationship established
between the calculated and experimental wavenumbers was on a second order polynomic form.
Vscal. = a+ bl-VcaI'+ bz_(vcal.)z

With the 6-31G(d,p) basis, the following factors are used:

levels a by h,-108

B3LYP 32474 0.9904+0.0103 | -11.2+2.6
X3LYP 3.9+£7.6 0.9856+0.0106 | -10.3+2.7
MO062X | 17.3£10.8 | 0.9506+0.0150 | -2.3+3.8

(v) By using specific scale factors for each mode (SCFEM): this procedure requires a
previous characterization of the calculated wavenumbers. A specific scaled factor deduced
from a related structure (in which the gas phase wavenumbers have been reported) is
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subsequently is applied to each specific mode. This procedure leads to the lowest errors, but it
requires much more effort, and with a large basis set the improvement is very small. This
procedure is recommended only for modes with large anharmonicity.

5.4. Vibrational frequencies

In the isolated state the scaled IR spectrum of conformers C1 and C3 are reproduced as
shown in Figs. 3-5. The spectra are divided in two regions: 3700-2800 cm (Fig. 4) and 1800-
350 cm? (Fig. 5). A detailed study of the vibrational assignments of these monomers is shown
in Tables 4-6. For simplicity, the values obtained by X3LYP and M052X were omitted in the
Tables (as well as in the discussion) and only the values by B3LYP and for conformers C1 and
C3 are shown and discussed. The analysis of the vibrations is divided in three sections: those
corresponding to the thymine ring (Table 4), those of the furanose ring (Table 5) and those
corresponding to the CHs, CH> and OH groups (Table 6).

Columns 1-5" of Tables 4-5 correspond to the calculated harmonic wavenumbers (v,
cm?), scaled wavenumbers (v*%) using the LSE procedure, relative IR intensities (A, %), force
constants (f, mDyne/A), and characterization obtained in the isolated state for conformer C1,
respectively, while the values for conformer C3 are shown in columns 6-7"". For the normal
modes of the uracil ring the notation of ref. [48] was used.

The simulated IR spectrum in the gas phase (Fig. 3) was determined through the
population of the three most stable conformers (87.5% of C1, 6.5% of C2 and 5.8% of C3)
calculated at the MP2/6-31G(d,p) level and with the Boltzmann’s equation. The contribution
of the remaining conformers is less than 3%, and therefore it can be omitted. As observed,
most of the spectrum corresponds to conformer C1, which appears analysed in detail in Tables
4-6. This spectrum could be compared with the experimental gas/Ar matrix IR spectra when
available.

In the solid state the computed vibrational data obtained by B3LYP for dimers V, G
and I, and in the thymine ring, furanose ring and in the CHs, CH> and OH groups are shown in
Tables 7-9. The analysis of the spectra of these three dimers show that they are very close to
those of the monomer, but with noticeable differences in the bands involved in intermolecular
H-bonds. The calculation with the X3LYP and M062X methods were also carried out, but the
data was omitted in these tables for simplicity. Comparing the scaled spectra of these dimer
forms with the experimental IR spectra, the dimer which corresponds to the experimental
spectra of the solid state sample was clearly identified. Because it is dimer V, the discussion
of the vibrations below mainly refers to this dimer.

In the dimer forms two wavenumbers appear for each vibration, each one corresponds
to one molecule of the dimer. Of these two wavenumbers, that wavenumber printed in bold
corresponds to that with the highest IR intensity, which is the only one considered in the
discussion below.

5.5 Analysis of the vibrational modes



The main characteristics of the spectra are discussed in the following sections. As
mentioned above, d4T consists of three fragments: the thymine ring, the furanose ring and the
5'-hydroxymethyl moiety. Some of the molecular vibrations are expected to be specific of each
fragment and some other vibrations involve atomic displacements of more than one fragment.
Based on this, the fundamental vibrations are therefore analysed. Only the most characteristic
modes are discussed in detail. For the remaining modes, Tables 7-9 are self-explanatory.

5.5.1 Thymine ring vibrations

The characterization of the atomic displacements corresponding to the thymine ring
normal modes was reported previously by us [70], and it was used as reference in the present
study together with the ring normal modes of the uracil molecule [48].

NH modes. The stretching vibrations of N-H and C-H groups are expected in the 2950-3500
cm? range, with the NH stretching mode in the higher wavenumber region. In thymine, two
strong bands have been reported [72] at 3480 and 3434 cm™ in the N-H region. These two
bands are insensitive to the substitution on the uracil ring by a methyl group in the 5-position,
and thus they appear very close to those of uracil, at 3485 and 3435 cm™. The spectral positions
of these bands were accurately predicted by us in thymine [70] and assigned to the N1-H and
N3-H bond, respectively. In the low temperature argon matrix IR spectrum of uridine [73] a
band appears at 3482 cm™, very close to that of uracil, that was assigned to the N3-H stretching.
In monomer C1 of d4T, the stretching scaled wavenumber corresponding to this N3-H group
(mode 29, ref. [48]) appears at 3452 cm™, but in the solid state we have doubts in its
identification. In dimer V it is predicted at 3440 cm™ with medium intensity which was not
detected because it could be inside of the broad band centered at 3481.6 cm™ and assigned to
the v(OH) mode. Another possibility is to relate the predicted wavenumbers at 3198 cm™
(dimer G) and 3172 cm™* (dimer 1), the strongest of the spectrum in these dimers, to the band
observed at 3153.8 cm™. However, this last possibility appears in contradiction with the
lacking assignment of the observed band at 3481.6 cm™ by these dimers. Thus, we consider
that the N3-H group is involved in intermolecular H-bonds with other molecules of the crystal,
which was not simulated in our simplified model with a dimer. This H-bond shifts the
wavenumber of v(N3-H) at about 3170 cm™, as it is observed in the dimers G and |.

The N3-H in-plane bending (mode 20) appears strongly coupled with the 5(C6-H)
mode. Thus, major contributions of this mode are predicted in the scaled wavenumbers at 1366
and 1352 cm™* in monomer C1, and at 1354 and 1351 cm™ in monomer C3. As expected, this
strong coupling remains in dimer V. Thus, the scaled wavenumbers at 1369, 1368, 1353 and
1352 cm* can be assigned to this mode. The % contribution of §(C6-H) and 8(N3-H) modes
is almost the same in the wavenumbers at 1369 and 1368 cm™. These predicted values are in
accordance to the experimental bands at 1362.3 and 1343.8 cm™.

The out-of-plane N3-H bending (mode 9) appears as an almost pure mode and it is
predicted at 685 cm™ (monomer C1) and at 683 cm™ (monomer C3). In addition, a small
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contribution of this mode appears in several wavenumbers below 600 cm™. In the solid state
this mode is expected to be scaled at similar wavenumber and also as a pure mode. Thus, the
scaled values with medium IR intensity at 685 and 684 cm™ in dimer V correspond to this
mode, which is in good accordance to the IR band with medium intensity at 695.5 cm™.

C6-H modes. The characteristic region of the stretching mode is 3000-3100 cm™. In the IR
spectra of pyrimidines it is predicted with such a low intensity that it is difficult to distinguish
it from the background. Thus, in thymine it was detected at 3069 cm™ with very weak IR
intensity. In the different conformers of d4T the stretching v(C6-H) (mode 27) was calculated
in the 3104-2849 cm* range, and especially in conformers C1 it appears at 3216.7 cm™ (scaled
at 3073 cm) as very weak band. In conformer C3 it was scaled at 3065 cm™. This mode is to
a small degree affected by the dimer formation, appearing at almost the same wavenumber and
intensity. These values should thus be very close to those determined in the dimers. The scaled
wavenumbers at 3077 and 3062 cm™ (calculated at 3221 and 3205 cm, respectively)
correspond to this mode, and they were related to the experimental IR band at 3032.5 cm™.

The bending 3(C6-H) (mode 22) appears strongly coupled with the §(N3-H) mode.
Thus, a high contribution of this mode is determined in the scaled wavenumbers at 1366 and
1352 cm™ of monomer C1. This strong coupling remains in dimer V, and thus a large
contribution of this mode is characterized in the scaled wavenumbers at 1369, 1368, 1353 and
1352 cm?, as discussed above.

The out of plane bending y(C6-H) (mode 15) appears, by contrast, as an almost pure
mode. It was predicted with weak IR intensity in the monomers C1 and C3 at 928 and 930 cm”
! respectively. In dimer V it was also characterized as an almost pure mode with weak IR
intensity in the scaled wavenumbers at 946 and 922 cm™, and they were related to the
experimental band with very weak intensity at 918.4 cm™,

C-H modes in CHs. Because this group is not affected by H-bonds, their modes appear at
similar wavenumbers in the monomer as in the dimer forms. The symmetric vs(CHs) and
antisymmetric vas(CHs) stretching are predicted with weak IR intensity, and thus they are
difficult to detect in the experimental spectra. However, the predicted wavenumber at 2997
cm® in the monomer form was nicely related to the very weak experimental band at 2985.5
cm™,

The IR bands at 1455/1451 and 1437/1433 cm™ in thymine were assigned as 8.(CH)
in CHs, while the band at 1395 cm™ was related to the symmetrical mode. In d4T, the
antisymmetric mode of the CHs group was predicted (scaled) at 1437 and 1048 cm? in
monomer C1, and at 1438, 1050 cm™ in dimer V, and they were nicely related to the
experimental band at 1053.4 cm™.

The yas(C-H) out-of-plane mode in CH3 was scaled in the monomer form at 1014 cm™?
with weak IR intensity and at similar wavenumber in the dimers, and it was nicely associated
to the very weak experimental band at 1010.6 cm™.
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C=0 modes. The stretching modes are known to be very sensitive to the polynucleotide
conformations. The typical pattern of the absorption bands due to the C=0O stretching
vibrations of uracil and its derivatives is always very complex. There is a strong coupling with
the C=C stretching mode, although weaker in the case of thymine than in other uracil
derivatives, which permits a clear identification of the mode. The wavenumbers of the two
strong IR bands calculated in conformer C1 at 1746 (1740 cm™ in C3) and 1729 cm™ (1725
cmin C3) are close to those observed in uracil and thymine (1759 and 1731 cm™*) molecules,
and they were assigned to the v(C2=0) and v(C4=0) modes, respectively. The IR intensity for
the v(C4=0) mode is higher than for v(C2=0), which is in accordance to the experimental
spectrum.

In the experimental spectrum of the solid state, the stretching v(C4=0) (mode 25) was
related to the highest peak of the IR spectrum at 1691.7 cm™. By contrast, v(C2=0) (mode 26)
was not assigned to an experimental band because it can be involved in the broad band centred
at 1691.7 cm™. Thus, it has been deconvoluted in several peaks that appear at 1695.1, 1690.1,
1687.9, 1685.5 and 1683.3 cm™. One of these peaks could correspond to v(C2=0). All these
peaks can be explained by other intermolecular H-bonds/interactions of the C=0 groups in the
solid state. These peaks were not reproduced in our simplified model.

The out-of-plane vibration y(C2=0) (mode 11) was scaled at 747 cm™ in the conformer
C1 and at 744 cm in conformer C3, while y(C4=0) (mode 10) appears scaled at 757 cm™ for
both conformers. The IR intensity is predicted as weak for both modes. In dimer V they were
predicted with weak/medium IR intensity at 749 cm® for y(C2=0) and at 754 cm? for
v(C4=0), in accordance to the weak experimental bands at 760.2 and 765.7 cm™?, respectively.
A noticeable contribution of mode 11 was also observed in the scaled value at 743 cm™ in
dimer V, in excellent agreement with the IR band detected at 743.6 cm™.

C-N modes. The C-N stretching vibrations of the uracil ring are mainly described in the modes
17, 18 and 21. These modes appear coupled with 6(C1’-H) and with the in-plane or out-of-
plane modes of the CHs group. They are to a little extent affected by the H-bonds, and thus
their wavenumbers are almost the same in the monomer than in the dimer forms. Therefore,
the scaled wavenumber with medium IR intensity at 1430 cm™ in dimer V (at 1431 cm™ in
monomer) was well related to the experimental band with medium intensity at 1423.4 cm™.
Also the scaled values at 1213 and 1143 cm™ were accurately assigned to the experimental
bands at 1226.9 and 1142.9 cm™, respectively. The calculated frequencies in the monomer
form are in accordance to that reported by Gunasekaran et al. [74].

The stretching vibration in the glycosylic bond N1-C1’ is identified in the scaled
wavenumber at 1103 cm™ in dimer V (at 1098 cm™? in monomer) and it appears at a
medium/strong IR intensity. The experimental bands observed at 1115.1 and 1107.2 cm™ were
assigned to this mode.
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The C-N in-plane bendings are calculated to spread out in many vibrations below 900
cm™. The main contribution appears ascribed to mode 16, which was scaled at 771 cm™ in
dimer V and related to the experimental bands detected at 783.6 and 778.7 cm™.

5.5.2 Furanose ring vibrations

C-O modes. The stretching mode v(C4'-O) appears with a high contribution in the scaled
wavenumber at 1086 cm™ in dimer V, but it is predicted at 1055 cm™ in dimer G and 1. This
shift is due to the different values for the y, B and y torsional angles of dimer V as compared
to dimers | and G, as shown in Table 2. The value of these torsional angles highly affects the
wavenumbers of the furanose ring vibrations.

Others noticeable contributions of this stretching mode have been detected in the scaled
wavenumbers at 983 and 973 cm™ in dimer V. This mode appears associated with others ring
vibrations that is difficult to detect. These values are similar to that calculated in AZT at 975
cm, and to that reported by S. Gunasekaran et al. [75].

C-H modes. The wavenumber of the stretching v(C-H) mode are scaled in the dimers in the
3104-2849 cm range. Accordingly, in the experimental IR spectra of the solid state several
bands observed in the 3112.9-2823.5 cm! range were assigned to this mode. The scaled value
in the monomer is almost the same as in the three dimers. The C-H modes of the furanose ring
are thus not affected by the intermolecular H-bonds.

The symmetric stretching mode in the C2"H=C3'H moiety was predicted at 3102 cm™*
and related accurately with the experimental band at 3112.9 cmt, while the asymmetric mode
predicted at 3081 cm™ was associated to the bands at 3097.7 and 3071.4 cm™™,

The stretching modes corresponding to C1’-H and C4'-H groups and scaled at 2956 and
2851 cm™ were also well related to the experimental bands at 2949.4 and 2823.5 cm™,
respectively.

The in-plane bending 6(C-H) mode appears spread out in several vibrations in the 1650-
950 cm™ range, in good accordance with those observed in the experimental spectra. The
symmetric mode of the ring is predicted at 1253 cm™ in dimer V, while the asymmetric modes
are found at 1131 and 1087 cm, in accordance to the experimental bands observed at 1268.7,
1136.1 and 1091.9 cm?, respectively.

The main contribution of the asymmetric out of plane bending yas(C-H) in the
C2'H=C3'H moiety is scaled in conformer C1 at 944 cm™, the same wavenumber as found in
the dimers, in excellent concordance to that detected in the IR spectrum of 956.9 cm™. The
symmetric mode is predicted at 691 cm™, but this was not observed experimentally.

5.5.3 CH20H group vibrations

OH modes. The presence of only one band in the experimental IR spectrum at 3481.6 cm™
with strong intensity and assigned to v(O5’-H), and the appearance of v(C=0) bands with
strong intensity indicates that this compound in the solid state appears only in the keto form.
The stretching mode v(O-H) was characterized and predicted in conformer C1 at 3628 cm
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and at 3659 cm™ in conformer C3. However, bands were not detected at ca. 3600 cm™ in the
experimental IR spectrum of the solid state. The closest band appears at 3481.6 cm™ as broad
and with strong intensity. This shift in the wavenumber can only be due to this OH group
appears intermolecular H-bonded. In dimer V the scaled wavenumber at 3614 cm
corresponds to free OH, and the wavenumber at 3453 cm™ to H-bonded OH. This last
wavenumber is close to the experimental band at 3481.6 cm™, as shown in Table 9. The
broadness of the experimental band could indicate that other vibrational modes appear close
to this wavenumber, as in the present case with the v(N3-H) stretching mode.

The 8(OH) in-plane bending appears strongly coupled with 645(C-H) in CH2 mode, with
almost the same contribution (%) of both modes. Thus, in monomer (free OH) it is predicted
at 1373 cm? (Table 6), but due to the intermolecular H-bond it should appear at higher
wavenumbers. Thus, in dimer V the predicted wavenumber at 1424 cm™ (calculated at 1471
cmt) should be assigned to this mode, in accordance to the experimental band at 1407.7 cm™,

The y(O-H) out-of-plane bending appears simulated at 459 cm™ in the monomer and at
736 and 408 cm™ in dimer V. The wavenumber at 408 cm™ can be related to free OH and that
at 736 cm™ to H-bonded OH. Because the weak IR intensity predicted for this mode, it was
not assigned to any experimental band.

C-O modes. The main contribution of the C5’-O stretching is predicted in dimer V at 1043
cmt and strongly coupled with vas(ring, CH) of the furanose ring. In AZT the stretching mode
was calculated at 1035 cm™, in good agreement with our results.

The in-plane bending is also predicted as a noticeable contribution in the scaled
wavenumber at 852 cm™ in dimer V, and strongly coupled with CH, and the furanose ring
vibrations. The experimental band observed at 851.9 cm™ was accurately assigned to this
mode.

The out-of-plane mode was also accurately predicted in dimer V at 660 cm™ and good
related to the experimental band at 661.1 cm™. This mode also appears strongly coupled with
CH: and ring vibrations of the furanose and uracil rings.

C-H modes. The antisymmetric stretching vas(C-H) for the CH. group is scaled in dimer V at
2936 cm™* with medium intensity, in good accordance to the experimental IR band observed
at 2933.1 cm™. The symmetric mode was also accurately predicted at 2890 cm™* and related to
the experimental band at 2883.5 cm™.

The scissoring (B) mode is predicted at 1467 cm™ with weak IR intensity and it could
be related to the experimental IR band at 1467.1 cm™ with strong intensity. The wagging (o)
mode is scaled with medium intensity at 1380 cm in excellent accordance to the experimental
band at 1383.8 cm™. The twisting (t) mode was predicted at 1207 cm™ with weak intensity
and related to the very weak band observed at 1181.1 cm™.
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The rocking (I") mode for the CH, group was predicted in monomer C1 at 878 cm™ and
at 886 cm™ in dimer V with weak IR intensity, in good accordance to the weak IR band
detected at 881.2 cm™,

6. Identification of the dimer

The first step after the analysis and assignments of the different bands of the experimental
spectra is to know what polymorphic form appears in the solid state of the d4T sample. Because
Aldrich Chemical has not mentioned the crystal form of the sample, it was identified here by
comparing the IR scaled frequencies of the three dimer forms to the IR experimental ones. For
this purpose, several bands of the experimental IR spectrum were selected as characteristics
for this identification, as shown in Table 11. The experimental and theoretical Raman
wavenumbers were also used to confirm the dimer selected. The two most characteristic bands
from the experimental IR spectrum are the following:

The band at 3481.6 cm™: It was selected because in v(O-H) mode, the difference
between the scaled wavenumbers in dimers G and | and the experimental one observed in the
solid state is almost 145 cm™, but in dimer V it is only 28 cm™. In dimer V two scaled
wavenumbers are predicted at 3614 and 3453 cm™ for this mode. The value with the highest
IR intensity at 3614 cm™ is very close to that scaled in the monomer at 3628 cm™. Thus, the
another frequency at 3453 cm* was selected as more appropriate because it is associated with
H-bonds, and it is in accordance with the experimental IR band in the solid state at 3481.6 cm”
1

The band at 1691.7 cm™: It was mainly selected by the highest IR intensity observed
experimentally, which is in accordance to that obtained theoretically in dimer V with IR
(100%), and scaled at 1727 cm™. The remaining dimers have much lower IR intensity and they
are far from the highest value.

These two bands appear to indicate that the solid state sample corresponds to dimer V.
The remaining experimental bands of Table 11 also confirm this feature, although the
difference is smaller.

7. Analysis of the rms errors

Table 11 shows the errors obtained using four of the scaling procedures recommended
to scale the calculated wavenumbers and with the three DFT methods used with the 6-31G(d,p)
basis set. For OSF scaling factors with the X3LYP and M062X methods have not yet been
reported, and thus the rms error was not calculated. Due to the large error in the predicted
wavenumber of the v(OH) mode by dimers G and I, as compared to the experimental value at
3481.6 cm?, this wavenumber was not included in the calculation of the rms errors. In addition
the experimental band at 3153.8 cm™ was not included, due to the doubts in its assignment. In
this way, we try to confirm in the remaining wavenumbers that dimer V corresponds to the
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experimental solid state sample. The rms errors in dimers | and G were only calculated with
the B3LYP method, because dimer V was the one selected as the solid state sample.

By comparing the results of Table 11, the following was observed:

(i)

(i)

(iii)

(iv)

v)

The LSE procedure leads to a remarkable improvement in the accuracy of the scaled
wavenumbers as compared to OSF, although scaling equations are less available
than overall scale factors.

The use of two scaling equations (TLSE) leads to a noticeable improvement of the
results. It is the best procedure, at least with the results obtained in d4T. With the
PSE procedure we also see an improvement as compared to LSE. Thus, these
procedures are those recommended for an accurate scaling of the wavenumbers,
and especially TLSE.

As expected, the simulation of the crystal unit cell by a dimer form leads to lower
rms errors than those obtained with the monomer form C1. This feature is observed
with the three DFT methods used.

The rms errors obtained in dimer V and B3LYP are always smaller than those
obtained in dimers | and G. This feature is observed with the four scaling procedures
used. The results with dimer G appear slightly better than those with dimer 1.

With the values obtained in d4T, the scaled wavenumbers determined with the
X3LYP method are slightly better than those with B3LYP, although the difference
is very small. Thus, both methods are recommended to be used to calculate the
wavenumbers. With the M062X method, larger errors than with B3LYP and
X3LYP are obtained. This feature is observed in the monomer as well as in the
dimer forms, and with the LSE, TLSE and PSE procedures. Thus, this M062X/DFT
method is not recommended to be used to predict the spectra. This feature is in
accordance with that observed in a benzonitrile derivative with the MO6L method
[25].

8. CONCLUSIONS

The knowledge of geometry and vibrational spectra of d4T and related prodrugs could lead

to a comprehensive understanding necessary for the development of effective drugs for the
future. The most important findings of this study are the following:

(1) The simulated scaled IR vibrational spectrum of the anti-HIV nucleoside analogue d4T
was carried out in detail for the first time in the isolated state. An accurate characterization
was performed and the % contribution of the different modes to each calculated vibrational
wavenumber was determined.

In the isolated state the trend of the five first optimum conformers is the same by all the
methods and levels used. The spectra corresponding to the monomers C1 and C3 are very
similar, with the exception of the modes corresponding to the O5’-H groups, due to their
different orientations. The two monomers C1 and C3 differ in intensity in the modes of

(2)
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3)

(4)

()

(6)

(7)

(8)

©)

the groups involves in the torsional angles. In the IR spectrum the bands of conformer C3
are in general more intense than those of conformer C1.

The predicted spectrum in gas phase was determined taking into account the contribution
of the three most stable conformers. The final spectrum mostly corresponds to conformer
C1, which was accurately analyzed.

Four scaling procedures were used to improve the accuracy in the assignment of the
wavenumbers. The scaled values with TLSE are the best. The rms errors with PSE are
slightly improved compared to using LSE. In general, very low errors were obtained with
the scaled values. Therefore, the assignments seem to be the most accurate today.

The equilibrium geometry and the harmonic wavenumbers for the possible crystal unit
cells of d4T were obtained by three DFT methods, and the results obtained were compared
to the experimental values. The accuracy reached in the calculated wavenumbers with
B3LYP and X3LYP appears similar, and thus both methods are recommended to be used
to simulate the spectra

Dimer V was assigned as the dimer that appears in the solid state sample, through the
comparison of the scaled wavenumbers in the different dimers to the values obtained
experimentally in the IR and Raman spectra. Several bands were selected for this purpose.
In general, the experimental spectrum in the solid state suggests that the simulated
spectrum corresponds to dimer V. Therefore, for the first time we describe here a
procedure to identify the crystal form of a polymorphic compound through DFT methods
and IR spectroscopy.

The simulation of a dimer form remarkably improves the assignment carried out in the IR
spectrum of d4T, with the sample in the solid state as compared to the monomer form.
The stretching bands corresponding to N-H modes in dimer G and dimer | appear at lower
wavenumbers than those corresponding to monomer C1 and dimer V. This fact is because
the G and I dimers are stabilized by two N-H---O=C intermolecular hydrogen bonds.
The stretching mode v(O5’-H5") appears at a higher wavenumber in C3 than in C1
monomer, in accordance to the calculated O5’-H5' distance, lower for C3 than for CL1.
However the intramolecular O5'---H6 hydrogen bond distance is shorter for C3 than for
C1 conformer. This fact is due to the repulsion between H5' (sugar) and H6 (pyrimidine
base) hydrogen atoms.
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DAT Thymidine

d4T
Scheme 1. Definition of the endocyclic and exocyclic torsional angles for d4T and
deoxythymidine molecules according to the Saenger’s notation [59].
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LEGENDS OF FIGURES

Fig. 1. Geometry of the three most optimum conformers of d4T and the values of the strongest
intramolecular H-bonds/distances determined at B3LY/6-31G(d,p), B3LYP/6-311++G(3df,pd) and
MP2/6-31G(d,p) (values in parentheses) levels. The molecular structure of the best conformer of the
thymidine molecule is also included.

Fig. 2. Two views of the optimized dimer structures of d4T at the B3LYP/6-31G(d,p) and B3LYP/6-
311++G(3df,pd) (in parentheses) levels. The dimer G appears with two conformers: C1 and C1-A2.

Fig. 3. (a) Calculated IR spectra of the three most stable conformers C1, C2 and C3. (b) Simulated IR
spectrum in gas phase of d4T through the population of the three best conformers.

Fig. 4. (a) Theoretical scaled IR spectrum in the isolated state of C1 and C3 conformers of d4T using the
LSE procedure from uracil values at the B3LYP/6-31G(d,p) level, (b)-(d) theoretical scaled IR spectra of
the three dimers of, and (e) experimental IR spectrum in the solid state in the 3700-2800 cm™ range.

Fig. 5. (a) Theoretical scaled IR spectrum in the isolated state of C1 and C3 conformers of d4T using the

LSE procedure from uracil values at the B3LYP/6-31G(d,p) level, (b)-(d) theoretical scaled IR spectra
of the three dimers of, and () experimental IR spectrum in the solid state in the 1800-350 cm™* range.
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Table 1. Comparison of the most characteristic parameters in the three most stable
conformers in the anti form of dT and d4T, calculated at the MP2/6-31G(d,p) level. The
exocyclic torsional angles and pseudorotational angle P are in degrees, and the energy

increments are in kJ-mol™.

Conf.

X p Y pe s° Vimax” AE
aaT C1 -103.6 | 63.3 60.6 77.2 oT, 8.8 0
C2 -134.4 | -63.8 49.3 95.0 T, 7.7 6.431
C3 -122.3 | 165.0 | 43.7 83.3 oT, 8.1 6.719
dT C1 -128.9 | -176.1 | 50.1 163.3 ’E 37.0 0
c2 -125.1 | 1749 | 493 165.8 ’E 36.9 2.686
C3 -1341 | 677 64.5 24.7 AT 35.4 4.063

? Definition: y4p_

(v, +v,) = (v +v,)

2 v,(sin(36)+sin(72))
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Table 2. Calculated and experimental values of several selected characteristic parameters of
the three dimer forms of the d4T molecule. The exocyclic torsional angles and the
pseudorotational angle P are in degrees. The calculated values correspond to the B3LYP,

X3LYP and M062X methods, respectively.

dimer form x i Y ve P S | Vmax
dimer V:
Molecule A: by B3LYP -122.9 167.2 |45.5 -130.1 85.1 |°E 7.7
X3LYP -122.8 167.9 [45.8 -130.0 85.1 7.8
M062X -148.2 162.2 |46.5 -127.2 88.5 5.7
Molecule B: by B3LYP -114.1 (881 |58.0 -129.1  180.2 | 9T 7.6
X3LYP -113.8 88.3 |57.7 -128.9 80.0 7.6
M062X -106.5 89.8 |56.2 -123.4  [63.5 2.5
dimer I:
Molecule A: by B3LYP -108.7 64.9 |62.0 -129.7 80.9 |9r 8.0
X3LYP -108.6 64.8 |62.2 -129.6 80.7 7.9
M062X -105.2 63.2 |625 -128.9 79.7 8.4
Molecule B: by B3LYP -107.7 64.4 |62.8 -129.5 80.7 7.5
X3LYP -107.8 64.3 |[63.0 -129.3 80.4 7.4
M062X -104.6 63.3 |63.2 -127.9 77.0 7.2
X-ray: orthorhombic®: Molecule. A -102.1 50.5 -129.0
Molecule B -117.2 62.0 -127.6
Rhombic®: Molecule A -102.0 52.0
Molecule B -159.9
dimer G/H:
monomer C1: Molecule A -107.5 64.3 |62.3 -130.0 81.8 |°E 8.1
Molecule B -107.5 64.3 |62.3 -130.0 81.9 8.1
monomer A2: Molecule A: by B3LYP |-174.8 58.3 |44.9 -127.0 90.4 5.7
X3LYP |-175.3 58.4 |45.0 -126.4 |90.4 4.3
MO062X  |-176.5 445 |41.2 -123.7 96.5 3.4
C1 Molecule B: by B3LYP |-108.6 64.6 [62.5 -130.0 81.0 8.2
X3LYP |-108.6 |64.6 |62.7 -129.8 |80.8 |IT 8.1
M062X |-110.2 64.2 |64.0 -128.8kj'1 78.1 8.6
X-ray: triclinic®: Molecule A -172.6 541  |-125.6 90.4 |°E 4.8
Molecule B -85.1 55.5 -128.8 103.6 | T 6.2
monoclinic?: Molecule A -174.1 53.8 -123.1
Molecule B -118.0 60.6 -130.5
aRef. [62] PRef. [64]. ‘Ref.[62,66]. YRefs.[62,65]. ev(N1-C1'-O4'-C4").

Table 3. Interaction energies E™(AB) (kJ mol™), where A is one molecule of the dimer and
B is the another molecule, deformation energies E%', and the total CP corrected interaction

energy, AE%E . The calculations are at the M062X/6-31G(d,p) level.

Base pair E%TA(AB) | E®'5(AB) | E®f(AB) | EM™(AB) AESP
Dimer V 4.744 1.038 5.782 -87.569 -81.787
Dimer | 6.014 5.924 11.938 | -70.901 -58.963
Dimer G/H: monomer C1 | 5.540 5.531 11.071 -68.168 -57.097
Monomer A2 | 5678 5.676 11.354 | -72.441 -61.087
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Table 4. Comparison of the calculated harmonic wavenumbers (v¢¥, cml), scaled wavenumbers (vs¢@, cm™), relative IR intensities (A, %), force constants (f,
mDyne/A), and characterization obtained in the isolated state, with the conformers C1 and C3 of the uracil ring of d4T.

Conformer C1 Conformer C3
veal yseala [ AD f Characterization® VA AP
3617.0 | 3452 | 12 | 8.30 |(100%) 29,v(N-H) 3454 | 11
3216.7 | 3073 | 2 | 6.66 |(99%) 27,v(C6-H) 3065 7
1811.8 | 1746 | 51 |20.42 | (74%) 26,v(C2=0) + (13%) 5(N-H) + (11%) v(C4=0) 1740 | 79
1793.2 | 1729 | 100 | 17.41 | (68%) 25,v(C4=0) + (18%) 5(N-H) 1725 | 100
1709.5 | 1650 | 8 |10.84 |(45%) 24,v(C5=C6) + (20%) 5(C6-H) + (15%) v(C2'=C3') + (12%) v(C=0) 1650 7
14779 | 1431 | 23 | 3.43 | (40%) 21,v(C-N) + (35%) §(C1'-H) + (20%) 8s(CHs) 1434 | 30
1409.7 | 1366 | 7 | 2.07 |(33%) 22,5(N-H) + (26%) 5(C6-H) + (20%) 8(C1'-H) 1354 2
1395.0 | 1352 | 5 | 2.30 |(40%) 20,5(N-H) + (37%) 5(C6-H) + (12%) 8(C1'-H) 1351 3
1272.9 | 1237 | 37 | 1.81 |(55%) 19,5(C-H, N-H) + (35%) &(C1'-H) 1243 6
12454 | 1211 | 5 | 4.90 | (75%) 18,v(C-N) + (15%) &(CHs) 1213 5
1172.6 | 1142 | 2 | 3.47 | (65%) 17,v(N3-C4) + (16%) 5(C1’-H) + (10%) I'(CHs) 1144 3
11256 | 1098 | 19 | 2.12 |(25%) v(N1-C1') + (17%) 8(CH)puranoset (17%) v(C5'-O) + (13%) v(C4'-O) +(13%) 5(ring,CH) +(11%) 5,(CH,) 1103 35
9459 | 928 3 | 0.69 | (88%) 15,y(C6-H) + (10%) yas(CHs) 930 2
916.1 | 900 2 | 1.44 | (50%) 14,v(ring) + (20%) y(ring)furanose + (18%) I'(CHs) + (10%) I'(CH2) 904 3
7791 | 171 2 | 2.00 | (70%) 16,5(CN,ring) + (16%) y(ring)muranose + (12%) y(CHa) 771 3
764.7 | 757 6 | 2.19 | (78%) 10,y(C4=0, N-H) + (17%) yas(CHs) 757 6
7538 | 747 3 | 2.33 | (70%) 11,y(C2=0, N-H) + (15%) ys(C-H)furanose + (10%) yas(CHz) 744 0
7481 | 741 1 | 1.88 | (30%) 11,y(C2=0) + (26%) 12,5(ring) + (19%) ys(C-H) in C2'H=C3'H + (11%) ys(CH3) 743 4
688.1 | 685 6 | 0.35 | (90%) 9,y(N-H) 683 8
639.6 | 639 1 | 1.22 | (40%) 7,5(ring) + (23%) S(CH2) + (17%) 8(ring)mranose+ (17%) T'(CHz) 633 1
577.7 | 580 2 | 1.14 | (38%) 6,3(ring) + (27%) ys(ring)muranose + (22%) S(CH20H) + (13%) T'(CHs) 579 3
492.2 | 500 1 | 0.54 | (28%) y(N1-C1') + (22%) &,ys(ring)turancse + (20%) y(ring) + (15%) 5(0-H) + (10%) T'(CH>) 495 2
4862 | 494 | 2 | 0.88 | (60%) 6,5(ring) + (19%) Ss(ring)furanose + (15%) ys(CHs) 490 1
409.9 | 422 3 | 052 | (50%) 5,3,y(ring,C=0) + (18%) ys(CHs+ (15%) y(C=C)turanose + (15%) 3(O-H)) 416 3
399.9 | 412 | 12 | 0.33 |(36%) 3,y(ring, C=0) + (34%) 5(0O-H) + (20%) y(C=C,ring)suranose 364 0
351.6 | 367 1 | 0.28 | (40%) 4,y(ring) mainly in C5=C6 + (33%) t(ring)furanose + (16%) 8(CH20H) + (11%) I'(CHs) 338 1
289.0 | 308 1 | 0.20 |(43%) 3,5(ring,C=0) + (36%) 3(CHs) + (16%) Ss(ring)suranose 296 1
272.7 | 292 2 | 0.18 | (39%) (ring) mainly in C5=C6 + (20%) I'(CH3) + (34%) t(ring)uranose 259 7
166.3 | 192 0 | 0.14 | (62%) 1,y(puckering ring on N3) + (22%) t(ring)turanose + (12%) 8(CH20H) 193 1
1055 | 134 0 | 0.03 | (47%) y(C=0) + (32%) ys(CHs) + (11%) 8s(ring)uranose + (10%) y(C5'H20H) 135 0
419 74 0 | 0.01 | (37%) 1,y(puckering ring on N3) + (33%) S(CH20H) + (16%) y(CHs) + (14%) 8(ring)suranose 68 0

8with the LSE: vl =34.6+0.9447-v% [48] °Normalized to the highest value. °The normal modes of the uracil ring were labeled according to ref. [48].
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Table 5. Comparison of the calculated harmonic wavenumbers (v¢, cm™), scaled wavenumbers (v¥¥, cm™), relative IR intensities (A, %), force constants (f,
mDyne/A), and characterization obtained in the isolated state, with the conformers C1 and C3 of the furanose ring and for the C5'H20OH group of d4T.

Conformer C1 Conformer C3

yeal | yscal a | AD f Characterization yseala | Ab
3246.7 [ 3102 | 1 | 6.87 |[(99%) vs(C-H) in C2'H=C3'H 3104 | 1
32231 | 3079 | O | 6.66 |(98%) vas(C-H) in C2'H=C3'H 3082 | 0
3098.1 | 2961 | 5 | 6.14 |(98%) v(C1'-H) 2957 | 1
2980.8 | 2851 | 4 | 5.66 | (84%) v(C4'-H) + (16%) v(C5'-H) 2849 | 2
1705.0 | 1645 | 6 | 11.30 | (47%) v(C2'=C3') + (14%) v(C5=C8) + (12%) 5(C2'-H) + (12%) §(C3'-H) 1645 | 10
14256 | 1381 | 12 | 1.87 | (27%) 5(C1'-H) + (26%) w(CH2) + (18%) 22,5(C6-H) + (18%) o(CHa) 1390 | 7
13715 [ 1330 | 2 | 1.95 | (46%) 8+(C-H) in C2'"H=C3'H + (25%) 5(C1'-H) + (17%) 5(C5'Hz) 1326 | 5
1359.8 | 1319 | 2 | 1.77 |(38%) 5(CL1'-H) + (24%) 5(C4'-H) +(17%) S(OH) + (15%) 8s(CH2) 1325 | 5
1344.9 | 1305 | O | 1.47 | (55%) 5(C4'-H) + (27%) 5(CH>) + (10%) 5(C2'-H) 1276 | 4
1312.6 1275 7 1.36 (79%) 65(C-H)furanose + (10%) ’C(CHZ) 1253 24
11556 | 1126 | 3 | 1.58 | (28%) Sas(C-H)turanose + (20%) 8(ring) + (19%) v(C5-CHa) + (16%) v(C5'-0) + (11%) 5(CHz) | 1130 | 6
11115 | 1085 | 18 | 1.25 | (45%) Sas(C-H)muranose in C2'H=C3'H + (23%) v(C5'-0) + (16%) 5(CH2) + (12%) v(C4'-O) 1092 | 12
1078.9 | 1054 | 5 | 1.22 | (25%) 8(C-H)muranose + (22%) v(C4'-O) + (17%) 5(0-H) + (15%) T(CHs) + (12%) T'(CH2) 1087 | 11
10665 | 1042 | 6 | 2.29 | (36%) vas(ring,CH)uranose + (34%) v(C5'-O) + (18%) ['(CHa) + (16%) 8(ring) + (14%) T(CHz) | 1038 | 6
1005.6 | 985 | 2 | 1.45 | (70%) vs(ring,CH)mranose + (15%) I'(CH2) 986 7
987.3 | 967 | 11 | 1.37 | (58%) vas(ring,CH)uranose + (28%) T(CH2) + (10%) 3(OH) 980 2
962.4 | 944 | 1 | 0.71 | (85%) yas(C-H) in C2’'H=C3'H 940 1
866.9 | 854 | 1 | 1.24 |(55%) &,y(ring)rancse + (25%) T(CH2) + (18%) 5(C5'-O) 858 4
828.0 | 817 | 2 | 177 |(37%) 8(ring)mrancse + (27%) y(C2'-H, C3'-H) + (16%) y(OH) + (11%) ['(CHz) 816 5
807.8 | 798 | 1 | 1.56 |(48%) &(ring)muranose + (30%) ys(C-H) in C2'H=C3'H + (12%) 5(CH) 799 4
694.5 691 5 0.60 | (30%) ys(C-H) in C2’'H=C3'H + (23%) y(N3-H) + (18%) y(ring)furanose + (15%) ys(CHz2) 694 2
660.7 | 659 | 3 | 1.01 |(30%)y(C5'-O) + (23%) y,5(ring)mrancse + (23%) 7,3(ring) + (14%) vs(CH>) 647 1
3022 | 320 | 2 | 0.5 |(44%) 8,y(ring)rancse + (30%) 8(CH20H) + (24%) 5,5(ring) 306 0
279.9 | 299 | 2 | 0.19 | (35%) y(ring)mranose + (29%) Ss(CH20H) + (24%) 3,5(ring,C=0) + (12%) I'(CHs) 293 2
2298 | 252 | 1 | 0.12 | (42%) y(ring)muranose + (33%) y(C5'H20H) + (14%) v(CHs) + (11%) 3.5(ring) 245 | 12
1383 | 165 | 1 | 0.05 |(33%)y(C5'H20H) + (25%) 1,y(ring, C=0) + (27%) y(ring)muranose + (15%) v(CH3) 168 0
1261 | 154 | 1 | 0.03 | (35%) t(ring)muranose + (30%) y(COH) in CH20H+ (20%) 85(CHs) + (15%) I'(CH>) 159 0

69.2 100 | O 0.01 | (35%) y(C5'H20H) + (20%) 1,y(puckering N3 ring) + (16%) y(ring)suranose + (15%) y(CH3) 109 0

51.4 83 | 0 | 0.01 |(35%) y(C5'H20H) + (29%) 1,y(puckering N3 ring) + (15%) y(CHs) + (12%) y(ring)turanose 89 0

8Nith the LSE: vl =34.6+0.9447-ve! [48]  bNormalized to the highest value.
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Table 6. Comparison of the calculated harmonic wavenumbers (v¢¥, cm™), scaled wavenumbers
(v cm), relative IR intensities (A, %), force constants (f, mDyne/A), reduced mass () and
characterization obtained in the isolated state, with the conformers C1 and C3 for the CH3; CH;
and OH groups of d4T.

Group | Mode Conformer C1 Conformer C3
V(;a| yseal,a Ab f n yseal a Ab

OH v 3803.7 | 3628 | 2 | 9.09 | 1.1 3659 4
) 1416.5° | 1373 | 9 | 155 | 1.3 1372 12

v 449.5 459 | 19 | 0.17 | 15 421 1

CH2 | vas 30948 | 2958 | 2 | 6.20 | 1.1 2916 5
Vs 30199 | 2887 | 7 | 574 | 11 2866 20

B 1509.0 | 1460 0 | 147 | 11 1462 3

® 14235 | 1379 | 10 | 1.82 | 15 1386 6

T 1221.84| 1189 | 1 | 1.02 | 1.2 | 1181 8

r 893.3 878 2 1.15| 25 887 4

CHs | vas 3135.8 | 2997 | 2 | 639 | 1.1 2994 3
Vas 31076 | 2970 | 2 | 6.26 | 1.1 2967 2

Vs 30495 | 2915 | 2 | 567 | 1.0 2913 4

Os 1509.4 | 1461 2 150 | 11 1462 3

Jas 14846 | 1437 | 1 | 136 | 1.0 1437 1

® 1435.3 | 1391 1 |167 | 14 1410 0

Jas 10725 | 1048 | 1 | 1.00 | 15 1048 1

Yas 1036.4 | 1014 2 1.10 | 1.7 1012 2

r 135.9 163 0 | 001 1.3 168 0

Notation: v (stretching), & (in-plane bending), B (scissoring), y (out-of-plane bending), T" (rocking), © (twisting), o
(wagging). 2With the LSE: vs®@ =34.6+0.9447-v% [48]. PNormalized to the highest value. °Strongly coupled with
7(CHz). 9Strongly coupled with 5(O-H).
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Table 7. Comparison of the scaled wavenumbers (v, cm?), relative IR intensities (A, %) and characterization obtained in the isolated state
with monomer Cland the dimers V, G and | of the thymine ring of the d4T molecule. Two wavenumbers appear for each vibration of the
dimers, and that with the highest IR intensity is shown in bold letters.

Monomer C1 Dimer V Dimer G Dimer | Characterization

yseal, a yseala Ab yseal, a Ab yseal, a Ab Exp IR
3452 3449, 3440 13 | 3198,3168 | 100 | 3172,3130 | 100 |29,v(N-H) 3153.8 vs
3073 3077, 3062 4 3076, 3076 0 3075, 3074 0 |27,v(C6-H) 30325s
1746 1749, 1741 58 | 1731,1731 | 22 | 1749,1732 | 15 |26,v(C2=0) + §(N-H) + v(C4=0)

1729 1728,1727 | 100 | 1711,1701 | 66 | 1706,1688 | 51 |25,v(C4=0) + (N-H) 1691.7 vs
1650 1648, 1646 9 1653, 1652 1 1653, 1648 3 | 24,v(C5=C6) + §(C6-H) + v(C2'=C3’) 1652.9 vw
1431 1432, 1430 23 | 1437,1437 | 13 | 1438, 1437 3 [21,v(C-N) + 3(C1'-H) + 8s(CHa) 14234 m
1366 1369, 1368 8 1374, 1374 2 1373, 1373 1 ]22,8(N-H) + §(C6-H) + 5(C1’-H) 1362.3 vw
1352 1353, 1352 7 1367, 1367 3 1366, 1355 4 | 20,8(N-H) + 5(C6-H) + 3(C1'-H) 1343.8 m
1237 1242, 1240 31 | 1250,1248 | 10 | 1248, 1245 8 ]19,6(C-H, N-H) + §(C1'-H) 12523 m
1211 1219, 1213 4 1220, 1220 4 1220, 1209 3 | 18,v(C-N) + o(CHz3) 12269 w
1142 1144, 1143 2 1149, 1149 0 1172, 1148 0 [17,v(N3-C4) + 3(C1'-H) + I'(CHa) 11429 w
1098 1103, 1098 23 | 1104,1102 | 10 | 1104, 1098 9 | v(N1-C1")+8(CH)sranose+ v(C5'-O) 1115.1 m, 1107.2 m
928 946, 922 2 926, 926 2 928, 924 2 | 15,y(C6-H) + yas(CH3) 918.4 vw

900 902, 900 5 908, 907 2 916, 908 4 | 14,v(ring) + y(ring)suranose + ['(CHs) 910.1 vw, 901.9 vw
771 771,769 8 798, 798 1 799, 798 1 | 16,8(CN,ring) + y(ring)furanose + y(CHa) 7836w, 778.7w
757 757, 754 10 775,774 3 775, 773 1 ]10,y(C4=0, N-H) + yas(CHs3) 765.7w

747 749, 744 14 753, 752 0 754, 753 0 |11,5(C2=0, N-H) + ys(C-H)uranose + yas(CH3) 760.2 w

741 743, 741 4 749, 748 1 751, 748 1 |11,y(C2=0) + 12,5(ring) 743.6 m

685 685, 684 8 691, 691 1 692, 690 0 [9,y(N-H) 695.5m

639 644, 637 1 647, 644 0 646, 644 0 |7,8(ring) + 8(CH2) + 3(ring)suranose+ I'(CHa) 648.7 m, 643.2 vw
580 629, 580 2 583, 580 2 583, 580 3 | 6,5(ring) + ys(ring)furanose + 8(CH20H) 582.3s

500 578, 496 3 505, 504 1 505, 504 1 | y(N1-C1’) + &,ys(ring)urancse + y(ring)

494 495, 494 2 500, 500 1 501, 500 1 |6,8(ring) + ds(ring)furanose + ys(CHs) 488.7 vw, 471.3 m
422 422,418 4 441, 432 4 440, 432 3 |5,8,y(ring,C=0) + ys(CHa+ y(C=C)furanose 4296

412 416, 415 4 418, 418 3 420, 415 4 | 8,y(ring, C=0) + 5(0-H) + y(C=C,ring)uranose 4079w

367 365, 363 1 369, 369 0 370, 367 0 | 4,y(ring) mainly in C5=C6 + t(ring)furanose

308 311, 308 1 316, 314 0 318, 314 0 |3,8(ring,C=0) + §(CHz3) + ds(ring)furanose

292 294, 292 0 296, 296 0 296, 295 0 | z(ring) mainly in C5=C6 + I'(CHa)

192 252,195 0 203, 200 0 207, 200 0 | 1,y(puckering ring on N3) + t(ring)furanose

134 88, 86 3 92, 86 0 91, 86 0 | y(C=0) + ys(CH3) + 8s(ring)furanose

@With the LSE: vse@! =34.6+0.9447- v [48]

bNormalized to the highest value.
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Table 8. Comparison of the scaled wavenumbers (v, cm?), relative IR intensities (A, %) and characterization obtained in the isolated state
with monomer Cland the dimers V, G and | of the furanose ring of the d4T molecule. Two wavenumbers appear for each vibration of the
dimers, and that with the highest IR intensity is shown in bold letters.

Monomer C1 Dimer V Dimer G Dimer | .
el 2 el a AP el a AD el a AD Characterization Exp IR
3102 3104,3102 | 1 3102,3101 0 | 3102,3101 | 0 |vs(C-H)inC2'H=C3'H 31129 w
3079 3084,3081 | 0O 3079,3079 0 | 3080,3079 | 0 |vas(C-H)inC2'H=C3'H 3097.7 m, 30714 m
2961 2962,2956 | 1 2966,2966 1 | 2967,2963 | 0 |v(C1'-H) 2949.4 m
2851 2851,2848 | 7 2851, 2850 2 | 2849,2849 | 2 | v(C4'-H) + v(C5'-H) 2823.5m
1645 1642,1640 | 12 | 1645,1645 | 1 |1645,1645| 1 |v(C2'=C3') + v(C5=C6) + 5(C2'-H) + 5(C3'-H) 1645.7 vw
1381 1394,1391 | 1 1392, 1391 2 |1392,1391 | 2 |§(Cl'-H) + w(CHz2) + 22,8(C6-H) + »(CHz3) 1376.4 m
1330 1336,1326 | 5 1330, 1330 1 |1330,1330 | 0 |&s(C-H)inC2'H=C3'H + §(C1'-H) + 8(C5'H2)
1319 1325,1324 | 5 1320, 1320 1 |1320,1320 | 0 |§(C1'-H) + §(C4'-H) + §(OH) + 55(CH2)
1305 1308, 1276 | 5 1305, 1304 0 |1305,1304 | O |3(C4'-H) + 5(CH2) + §(C2'-H) 12874 w
1275 1275,1253 | 4 1276, 1276 4 |1276,1276 | 3 | 8s(C-H)muranose + T(CH2) 1268.7 m
1126 1131,1128 | 4 | 1130,1130 | 1 |1130,1128 | 1 |&a(C-H)muranose+ 8(ring) + v(C5-CHs) + v(C5'-0) 1136.1 vw
1085 1088, 1087 | 13 | 1085, 1085 8 | 1085,1084 | 4 | 8as(C-H)furanosein C2'"H=C3'H + v(C5’-0) + §(CH2) 10919 m
1054 1086, 1071 | 16 | 1055, 1055 2 | 1055,1055 | 2 |8(C-H)furanose + v(C4'-O) + 8(O-H) + I'(CHa) 10725 w
1042 1043,1033 | 9 | 1043,1042 | 4 |1042,1041 | 5 | vas(ring,CH)uranose + v(C5'-O) + T'(CHs) + 8(ring) 1040.8 vw
985 985, 983 7 987, 987 1 987, 985 0 | vs(ring,CH)furanose + I'(CH2) 988.6 vw
967 978, 973 7 969, 969 4 968, 967 3 | vas(ring,CH)furanose + T'(CH2) + §(OH) 9748 w
944 944, 943 2 944, 944 1 944, 944 0 |7yas(C-H) in C2'H=C3'H 956.9 m
854 858, 852 5 881, 874 0 881, 881 1 | 8,y(ring)furanose + I'(CH2) + 8(C5’-0) 851.9m
817 818,814 | 4 854, 854 1 | 854,853 | 1 |&(ring)muranose +y(C2'-H, C3'-H) +y(OH) + I'(CH>) 820.3m
798 800, 796 4 818, 818 2 818, 818 2 | 5(ring)furanose + ys(C-H) in C2'H=C3'H + §(CH2) 805.6 m
691 692, 691 4 740, 739 1 741, 740 0 | ys(C-H) in C2’"H=C3'H + y(N3-H) + y(ring)uranose
659 660, 659 8 665, 658 3 662, 659 3 | y(C5'-0) + y,5(ring)furanose + 7,8(ring) + ys(CH2) 661.1m
320 337, 329 2 328, 323 0 328, 323 0 | 3,y(ring)furanose + 8s(CH20H) + 5,3(ring)
299 296, 295 2 304, 302 1 303, 301 1 | y(ring)turanose + 8s(CH20H) + 3,8(ring,C=0) + I'(CH3)

8\With the LSE: v =34.6+0.9447-v! [48]  PNormalized to the highest value.
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Table 9. Comparison of the scaled wavenumbers (v, cm?), relative IR intensities (A, %), and
characterization obtained in the isolated state and the dimers V, G and | for the CH; CH; and OH of
d4T, and experimental IR wavenumbers. Two wavenumbers appear for each vibration of the dimers, and that
with the highest IR intensity is shown in bold letters.

Group | Mode | Monomer C1 Dimer V Dimer G Dimer |
Vscal, a Vscal, a Ab Vscal, a Ab Vscal, a Ab EXp IR
OH v 3628 3614,3453 | 12 | 3626,3626 | 1 | 3628, 3627 1 34816
1373 1424, 1183 8 1380,1380 | 3 | 1380, 1379 1 1407.7 vw
Y 459 736, 408 4 470, 469 8 467, 465 6
CH2 Vas 2958 2946, 2936 7 2958,2958 | 1 | 2958, 2958 1 2933.1m
Vs 2887 2893,2890 | 11 | 2886,2886 | 3 | 2887,2886 3 2883.5m
B 1460 1467, 1456 1 1461, 1461 0 1461, 1460 0 1467.1 s?
® 1379 1382, 1380 8 1386,1384 | 5 | 1385,1384 3 1383.8w
T 1189 1380, 1207 5 1190, 1190 1 1190, 1189 0 1181.1 vw
r 878 886, 876 4 903, 881 5 907, 881 1 881.2w
CHz Vas 2997 3004, 2996 2 2996,2996 | 1 | 2997, 2996 1 2985.5 vw
Vas 2970 2968, 2967 2 2970, 2970 1 2972, 2971 0
Vs 2915 2914, 2913 4 2915,2915 | 2 | 2916, 2915 1
s 1461 1464, 1463 4 1459, 1459 1 1464, 1459 2
Oas 1437 1446, 1438 1 1484, 1484 2 1438, 1437 0
® 1391 1405, 1404 8 1421, 1418 3 1425, 1422 5
Oas 1048 1050, 1047 2 1048, 1048 2 1048, 1047 3 1053.4 vw
Yas 1014 1013, 1013 3 1014, 1014 1 1015, 1013 0 1010.6 vw
r 163 184, 170 0 168, 166 0 170, 167 0

8With the LSE: v =34.6+0.9447-v! [48]  PNormalized to the highest value.
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Table 10. Comparison of the selected scaled wavenumbers (v, cm™), relative IR intensities (A, %), relative Raman intensities (S,
%), characterization obtained in the isolated state with monomer C1 and the dimers V, G and I, and the experimental IR and Raman
frequencies obtained in the solid state. Two wavenumbers appear for each vibration of the dimers, and that with the highest IR intensity is shown in
bold letters, and that with the highest Raman intensity is shown in italic letters.

Mor:/?cr:r,ear = vscal,aDlmerXb SP Vscalalmer ib sb Vscal’[a)lmer L\b sb Characterization Exp IR Exp Raman
3628 3453,3614 | 12 45 13626,3626| 1 | O | 3628,3627 | 1 | 2 v(0O-H) 3481.6 w -
1729 1728,1727 | 100 | 34 |1711,1701| 66 | 4 | 1706,1688 | 51 | 4 v(C4=0)+5(N-H) 1691.7 vs | 1690.2 vs
1237 1242,1240 | 31 3 |1250,1248 | 10 | 0 | 1248,1245 | 8 | 12 8(C-H, N-H)+8(C1'-H) 1252.3 w 1235.6 m
320 337,329 2 0 328,323 | 0 | O 328, 323 0 [ 1 | &,y(ring)surancse +3s(CH20OH) - 346.2 vw
192 252,195 0 0 203,200 | 0 | O 207, 200 0|0 1,y(puckering ring on N3) - 249.5 vw

"With the LSE: v¥**! =34.6+0.9447-v% [48]  ®Normalized to the highest value.

Table 11. Rms errors obtained after scaling the calculated wavenumbers of d4T by different DFT methods.

Scaling procedure
Structure Method OSF LSE TLSE PSE
Monomer C1 B3LYP 24.0 15.9 10.5 13.6
X3LYP - 14.2 10.5 13.2
M062X - 19.6 11.7 18.9
Dimer V B3LYP 21.9 12.6 8.2 11.2
X3LYP - 12.5 8.1 11.2
MO062X - 18.1 115 18.0
Dimer | B3LYP 22.6 16.3 145 15.2
Dimer G B3LYP 21.8 16.0 14.1 15.2
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