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ABSTRACT

The structures and vibrational spectra of 6-thiopurine (6TP) molecules in an isolated state were studied by the spectroscopic and
computational methods. FTIR spectra of 6TP molecules isolated in low-temperature Ar matrices (at 11 K) were obtained in the
infrared range 3800–200 cm–1. The optimized structures of tautomers, model clusters and the population of tautomers were esti-
mated by the DFT, MP2 and CCSD(T) methods. The vibrational spectra were calculated by the DFT/B3LYP method with different
basis sets [6–311++G(df,pd), aug-cc-pVDZ, aug-cc-pVTZ] and the MP2/aug-cc-pVDZ/anharmonic method. In the spectral range of
1700–200 cm–1 of the experimental FTIR spectra, five combination modes enhanced by the Fermi resonance were observed. Fermi
resonances with the participation of librational modes of domestic molecules were found in the 600–500 cm–1 region. It was revealed
that the incorporation of 6TP between the closest packing planes of Ar lattice leads to a significant increase in the frequency of two
out-of-plane “butterfly” modes.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/10.0009734

1. INTRODUCTION

The study of the fundamental physical and chemical proper-
ties of the constituent parts of DNA and RNA in various physical
conditions is a topical area of modern science. It is of great interest
to study modified bases of nucleic acids, in particular, bases con-
taining sulfur instead of an oxygen atom. Some of them are compo-
nents of natural tRNAs1,2 and perform important functions in
ensuring the structural stability of these molecules and efficient
codon recognition.2 In addition, sulfur-substituted analog of the
canonical DNA and RNA bases can be the basis for different
drugs. For example, purine antimetabolites, such as 6-thiopurine
(6TP), 6-thioguanine, and azathioprine, syn thesized in the 50s.3

These substances have shown a strong effect on cell proliferation.
Until now, they are used in clinical practice for the treatment of
leukemia, chronic inflammatory bowel diseases, and as immuno-
suppressants.4,5 The photochemical properties of sulfur-substituted
nucleo-bases make them attractive for the applications of targeted
phototherapy.6 It should also be noted using 6TP for the

investigations of self-assembled monolayers on gold surfaces7 or
the development of composite materials for medical applications.8

The 6TP molecule has eight stable tautomeric forms (Fig. 1).9

Depending on the rotation of the SH group, each of the four thiol
structures can have two conformers (Fig. 1). Earlier, using the
matrix isolation method, it was shown that tp1 (the thione
N1HN7H) is the most stable tautomer in the isolated state.9 In
addition, it was found that UV irradiation of 6TP molecules in Ar
matrices leads to a shift in the tautomeric equilibrium and the
transition of the tp1 tautomer to the thiol N7H structure with the
tp2c and tp2t conformations (Fig. 1).9 In our work, we paid more
attention to the experimental observation of the bands assigned to
minor tautomers tp4c and tp4t (Fig. 1), to the resonance splitting
of the spectral bands, and the effect of Ar matrix on vibrational
spectra. For this purpose, high-resolution IR-Fourier spectra of
6TP molecules isolated in Ar matrices were obtained, and
quantum-mechanical calculations were carried out using modern
programs and methods.
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FIG. 1. Numbering of atoms and all possible structures of 6TP isomers. The isomer names correspond to literature data.9
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2. THE METHODS OF EXPERIMENT AND CALCULATION

The experimental implementation of the FTIR spectroscopy
of low-temperature matrix isolation is presented in a number of
our previous works.10–15 FTIR spectra of 6TP in inert Ar matrices
were obtained in the range of 3800–200 cm–1, with an apodized
spectral resolution of 0.3 cm–1. The purity of the inert gas (Ar)
was no worse than 99.99%. The evaporation of 6TP molecules
(Sigma-Aldrich, Europe) from the Knudsen cell took place at 440
K. Since the 6TP powder is supplied as crystal structures of 6-
mercaptopurine monohydrate,16,17 a long heating of the powder in
a high vacuum at temperatures of 370–420 K was necessary before
the preparation of matrices to remove water. To form Ar matrices,
molecular flows of a substance and an inert gas were simultane-
ously deposited on a flat copper mirror at 11 K. A low-temperature
quartz microbalance (QMC)15 was used to measure the molecular
flows of 6TP and an inert gas. In addition, QMC controls the
process of removing water. The absorption bands of the experi-
mental spectra were approximated by Lorentzian functions to esti-
mate their integrated intensities using the Fityk program.18

For quantum mechanical calculations, we used the Gaussian
09 program,19 as well as the Firefly program,20 in which the code
of the GAMESS program (USA)21 was used. The calculations
were carried out on the Grid-cluster of the B. Verkin Institute for
Low Temperature Physics and Engineering of NASU and the
Computing Center of the University of Arizona. The geometry
optimization of 6TP monomeric molecular structures (Fig. 1) was
determined by the methods of perturbation theory MP2, density
functional theory DFT/B3LYP, and CCSD(T). Various basis sets
were used: aug-cc-pVDZ, aug-cc-pVTZ, and 6-311++G(df,pd). In the
calculations of cluster model structures, the empirical dispersion cor-
rection D3(BJ) was applied.22 The vibrational spectra of 6TP tauto-
mers and model clusters were calculated using the 6-311++G(df,pd)
basis set. Earlier, it was shown that this basis and the polynomial
correction method provides good agreement between the calcu-
lated and experimental spectra.23–25 In this work, to correct the
calculated frequencies of the tauto mer tp1 (Fig. 1) in the finger-
print range of 1700–200 cm–1, a second-order correcting polyno-
mial was obtained: (1.00438 − ν⋅1.78241⋅10–5 + ν2⋅2.60770⋅10–9).
In the range of 3600–3000 cm–1, a coefficient of 0.9530 was used
to correct the calculated frequencies. In addition, for the most
populated tautomer 6TP1, the vibrational spectrum was calculated
by the MP2/aug-cc-pVDZ method with anharmonic correction.

For estimation of the relative free energies ΔG of 6TP tautomers,
the data of calculations of the Firefly program by exploiting the
6-311++G(df,pd) method were used.

3. RESULTS AND DISCUSSION

Since it was shown earlier9 that absorption bands of several
tautomers can be present in the matrix FTIR spectrum of 6TP,
we analyzed the population of the basic tautomers in the gas
phase. The calculation data for relative electronic energies (ΔE)
showed the smallest value |ΔE| for the N1HN9H thione tautomer
tp3 (Table I).

However, taking into account the vibrational-rotational con-
tribution to the Gibbs free energy (ΔG), it was shown that the
structure of tp4c can be the most energy favorable among all
minor isomers (Table I). The temperature dependence of the
population of the basic minor isomers (Fig. 2) suggests that
in the evaporation temperature range of these experiments
(440–450 K), only the absorption bands of the tp4c and tp4t
isomers can be found in the matrix spectra. Note that these thiol
tautomers have the rotating SH group. It is known that some
conformers can transform into more energetically favorable
structures during freezing in the matrix.26 At the Ar matrix tem-
perature of 10–12 K, to prevent such a transition, the barrier
height must exceed 8 kJ/mol.26,27 Calculations have shown that
the height of the barrier for the tp4t → tp4c transition exceeds 25
kJ/mol (Fig. 3). Therefore, the population of tp4c and tp4t
should be retained when the molecules are frozen in the Ar
matrix.

If the FTIR spectrum contains bands of several molecular
structures for correct assignment of experimental absorption bands,
it is necessary to ensure a good agreement between the experimen-
tal and calculated frequencies of these bands. The calculated fre-
quencies, even with anharmonic corrections of the DFT method,
can differ significantly from the experimental frequencies. In most
cases, for comparison with experiment, it is necessary to multiply
the calculated frequencies by the correction factor λ (“scaling
factor”), which allows partially compensating for the frequency
mismatch caused by the anharmonicity of vibrations and the influ-
ence of the medium. For the optimal choice of λ, it is desirable to
use the least squares method. Often a fixed λ value is used that is
consistent for one or two frequencies in the narrow spectral range.
Earlier we showed that for a wide frequency range it is better to use

TABLE I. The relative energies (ΔG, ΔE, kJ/mol) of the main tautomers of 6-thiopurine, calculated by the DFT, MP2, B2PLYP/DFT methods and their populations.

6-thiopurine tautomers ΔE/DFT/6-311++G(df,pd) ΔE/MP2/aug-cc-pVTZ CCSD(T)/aug-cc-pVDZ ΔG (440 K) Occupancya, %

tp1 (–810.33594)
0

(–808.9346)
0

(–808.6464)
0

0 73.0

tp2t 44.7 36.6 35.82 22.5 0.15
tp2c 55.5 45.5 43.82 28.5 0.03
tp3 13.4 13.8 13.9 13.1 2.0
tp4t 27.5 19.90 19.8 8.3 7.5
tp4c 24.3 15.9 16.0 5.3 17.2

aThe ΔE values obtained by the MP2/aug-cc-pVTZ method were used to calculate ΔG at evaporation temperature T = 440 K.
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a non-monotonic polynomial function optimized by the least
squares method.23–25 In this work, the analysis of the statistical
parameters of the correction of the calculated frequencies obtained
by different methods (Table II) in the range of 1700–180 cm–1

was carried out. For such analysis, the 15 sufficiently intense
absorption bands of the experimental spectrum were selected,

that can be assigned to the main thione form (tp1) without a
doubt. The statistical parameters from Table II show that the cor-
rection by the second degree polynomial noticeably improves the
correction parameters in comparison with the fixed λ value for
all calculation methods. The calculation by the DFT/B3LYP/
6-311++G(df,pd) method shows the smallest root-mean-square
error. Therefore, this method and the second degree polynomial
(1.00438 – ν⋅1.78241⋅10–5 + ν2⋅2.60770⋅10–9) were chosen to calcu-
late and correct the frequencies of tautomeric structures of tp1, tp4c
and tp4t and to analyze the experimental spectrum (Table III) in
the range of 1700–200 cm–1. A comparison of the calculated spectra
with the experimental ones showed that the frequencies of most
vibrations of the tp4c and tp4t isomers are quite close. Therefore,
Table III shows the calculated spectrum for only one minor tauto-
mer tp4c (with the exception of two spectral bands).

In a narrow spectral region of stretching vibrations νNH
(3500–3400 cm–1), the frequencies were corrected by a fixed factor
λ = 0.953, the value of which was optimized by the least squares
method (Fig. 4). It can be seen that the calculated frequencies of
the vibrational spectrum of the isomers tp1, tp4c, tp4t in the region
of stretching vibrations νNH are in very good agreement with the
experimental data (Fig. 4). In addition to the νN1H, νN7H absorp-
tion bands of the main tp1 tautomer, there is a broad absorption
band at 3483 cm–1, which can be attributed to the νN9H funda-
mental mode of two conformers of the N9H-thiol form. Although
the absorption bands of the νN9H vibration of the tp4c and tp4t
conformers overlap, it is very important that these bands do not
overlap with the characteristic bands of tp1 (Fig. 4). This makes it
possible to estimate the populations of tp1, tp4c, and tp4t using the
experimental spectrum as it was done.9 Such estimation is important,
since the calculated populations made for an ideal gas phase that
may differ from the real population obtained during evaporation. An
experimental estimation of the populations of tp1 to the total popu-
lations of tp4c and tp4t can be calculated from the ratio of the inte-
gral intensities of the νNH bands of these conformers:

Otp1

Otp4c þ Otp4t
¼ I(NH)tp1

I(N7H)tp4c þ I(N7H)tp4t
: (1)

FIG. 2. Population of the main tautomers [tp1 (1), tp4c (2), tp4t (3), tp3 (4)] of
6-thiopurine at different temperatures of the gas phase [calculated by
DFT/B3LYP/6-311++G (df,pd)] method.

FIG. 3. The profiles of the conformational barrier for tp4 thiol tautomer calcu-
lated by the DFT/B3LYP/6-31++G(d,p) and MP2/6-31++G(d,p) methods (curves
1 and 2) with step of 10° along dihedral angle N1C6SH.

TABLE II. Statistical parameters of discrepancies between the experimental frequen-
cies of the vibrational spectrum of 6TP molecules isolated in Ar matrices and the
calculated frequencies with polynomial correction in the range of 1700–200 cm–1.
M is the degree of the correcting polynomial δrms = [(Σ(Δi – Δm)

2)/N]1/2 is the
root-mean-square deviation; Δm is the mean deviation; Δmax = max |Δi – Δm| is
the maximum deviation; K is the number of bands with discrepancy greater than
(Δi – Δm) > 6 сm

–1.

Calculation method

Parameter

δrms, сm
–1 Δmax, сm

–1 K

aug-cc-pVDZ M = 2 7.8 17.6 6
aug-cc-pVTZ M = 0 8.0 17.3 6
aug-cc-pVTZ M = 2 7.8 15.0 7
6-311++G(df,pd) M = 0 8.4 16.7 7
6-311++G(df,pd) M = 2 7.3 18.6 6
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TABLE III. Experimental (Ar matrices, evaporation at 440 K) and calculated vibration frequencies and intensities of the two main tautomers (tp1, tp4c) of 6-thiopurine. Iexp is
the experimental integral intensities, Icalc is the calculated absolute infrared intensities in km/mole, νc is the corrected frequencies [data for DFT/B3LYP/6-311++G(df,pd) and
polynomial (1.00438 – ν⋅1.78241⋅10–5 + ν 2⋅2.60770⋅10–9)]. Abbreviations for assignment: TED is the total energy distribution, ν is the stretching vibrations; β is the bending in
the plane; γ is the out-of-plane bending; τ is the torsion, R and r are the vibrations of the pyrimidine and imidazole ring, respectively. Butterfly mode is the synchronous
out-of-plane vibration purine and pyrimidine rings 6TP around common bond C4C5.

Calculation

Experiment DFT/B3LYP/6-311++G(df,pd)

Ar matrix (8 K) tp1 tp4c

Mode ν, cm–1 Iexp ν, cm–1 νc, cm
–1 Icalc νc, cm

–1 Icalc Assignment, TED, %

1 2 3 4 5 6 7 8 9

Q1 3485.9 0.6 3481.5 98.5 νN9H (99)
Q1 3460.4 4.9 3631.8 3461.1 84.1 νN7H (99)
Q2 3413.7 4.3 3585 3416.5 58.4 νN1H (99)
Q3 3089 0.7 3248.4 3095.7 2.3 νC8H (99)
Q4 3026 0.4 3182.4 3032.4 4.4 νC2H (99)

1624.0 0.4 water band
Q5 1613.4 8.4 1642.1 1612.8 266.2 νC5C6 (28)

1610.0 0.4 water band
1598.2 0.8 1602.4 99.5
1590.0 0.4 water band

Q6 1545.9 6.8 1584.3 1556.8 231.8 1567.2 271.3 βN1H (32)
Q7 1519.3 1.2 1544.6 1518.5 68.6 νC4N3 (25)

1483.1 0.05 1483.9 17.3
1460.0 0.05 νC8N9 (18)
1448.8 0.02

Q8 1442.7 0.15 1475.9 1451.9 31.8 νC8N9 (18)
1428.7 0.1 1441.2 73.6

Q9 1417.1 0.35 1437.5 1414.7 39.1 βN1H (24)
Q10 1394.8 0.5 1413.9 1391.9 4.4 βN3C2H (34)

1391.7 2.4 FR1
1385.1 0.8

Q11 1372.2 1.9 1394.9 1373.4 133.2 1390.3 0.1 νC8N7(19)
1362.3 0.5 1378.0 25.2

Q12 1337.4 1.4 1360.2 1339.7 41.5 FR2 νC4N9 (25)
1328.0 0.68 1334.0 86.5

Q13 1285.2 0.2 1308.7 1289.7 13.9 1281.6 10.7 νC8N9 (28)
1266.1 0.2
1246.8 0.4 1259.2 104.8
1235.5 0.3

Q14 1215.5 0.02 1233.8 1216.9 8.0 1226.4 5.5 βC8H (36)
Q15 1185.4 4.0 1196.3 1180.5 150.5 νC6N1 (43)

1176.5 0.5
1163.8 0.2 1173.8 5.1

1106.6 0.2 FR3
Q16 1086.7 0.2 1107.3 1093.8 12.8 νC2N1 (32)
Q17 1068.5 0.95 1092.3 1079.3 33.2 νC8N7 (29)

1058.8 0.02 1067.7 22.1
1029.8 0.03
1018.9 0.05 1024.0 43.4

Q18 1006.9 2.1 1025.6 1014.1 62.1 νC4N9 (18),
νC6S (17)

963.4 3.9
940.0 0.1 964.3 954.3 3.2 946.9 9.7 βN9C8N7 (38)

Q19 919.2 0.1 931.8 922.5 4.2
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In Eq. (1), the experimental intensities I are normalized to the calcu-
lated intensities of these bands. This ratio is 0.21 when I(N1H)tp1 is
substituted into Eq. (1) and 0.25 when I(N7H)tp1 is used. From this
equation, we determined that the population tp1 in low-temperature
matrices is at the level of 80%, which is slightly higher than obtained
from the theoretical calculation (Table I).

In contrast to the νNH vibration, for low-intensity stretching vibra-
tions of νС8H and νС2H, the agreement between calculation and exper-
imental bands is much more difficult to observe. In the experimental
spectrum in the region of 3180–3000 cm–1, we see a complex structure
of bands, which impedes the assignment of the vibration bands of
νС8H and νС2H (Fig. 5). The reason for such a multiplet structure of
the spectrum may be caused by the Fermi resonance, which often mani-
fests itself in the region for stretching vibrations of CH and CH2
groups.28 For example, for the tp1 tautomer, there are several variants of
combination bands falling into this frequency range (Fig. 5).

In the spectral region of 1700–1000 cm–1, there are absorption
bands of stretching vibrations of rings (pyrimidine and imidazole)
and in-plane bending vibrations of rings and exocyclic groups
(Fig. 6 and Table III). A visual comparison of the calculated and
experimental spectra shows good coincidence of frequencies of
intense spectral bands for the tp1 tautomer. An exception is the mul-
tiplet structure in the region of the fundamental mode of Q11. The
significant intensity of the bands in this structure suggests that they
belong to the tp1 tautomer. The most likely reason for the splitting
of the bands is a Fermi resonance. At the Fermi resonance, not only
the splitting of the bands occurs, but also the redistribution of their
intensities.28 In this case, the intensity of the band of the combina-
tion vibration cannot exceed the intensity of the fundamental one.28

However, if the fundamental vibration participates in a triple reso-
nance, then its intensity may turn out to be less than one of the
combination bands, and the resonant frequency shift of the

TABLE III. (Continued.)

Calculation

Experiment DFT/B3LYP/6-311++G(df,pd)

Ar matrix (8 K) tp1 tp4c

Mode ν, cm–1 Iexp ν, cm–1 νc, cm
–1 Icalc νc, cm

–1 Icalc Assignment, TED, %

1 2 3 4 5 6 7 8 9

Q20 905.4 0.1 911.6 22.7 γC2H (100)
Q21 863.4 1.6 875.6 867.5 37.3 860.5 9.5 βN1C2N3 (21)
Q22 850.5 0.2 870.1 862.1 10.2 γC8H (100)

842.7 0.2 856.1 40.4
789.5 5.2

798.4 0.05
784.8 0.04

Q23 777.6 771.4 0.2 τR (54)
Q24 702.6 1.6 700.3 695.5 61.8 γN1H (100)
Q25 673.5 0.05 683 678.5 0.6 681.2 1.6 νC4N3 (24)

661.8 4.9
Q26 633.5 0.05 673.2 668.8 2.3 636.0 2.6 τr (65),
Q27 600.6 0.7 602.4 599.1 45.4 γN7H (38)
Q28 582.1 0.2 591.2 588.1 2.2 588.2 5.4 FR4, νC5C6 (22)
Q29 564.1 1.3 573.2 570.4 50.3 τR (51), τr (21),

552.8 0.4 565.1 96.7
Q30 538.1 0.9 551.7 549.1 11.3 FR5, γN7H(33)

513.2 0.05 524.4 26.4
Q31 508.3 0.15 509.6 507.6 6.0 βN9C4N3 (21)

502.4 0.2
493.2 0.05 500.0 13.5

Q32 434.5 0.2 435.7 434.4 4.6 νC6S (28)
408.7 0.8
358.1 18.0

Q33 279.2 0.2 269.9 269.9 5.7 285.9 0.03 τR (52),
τ “butterfly”(31)

Q35 227 0.4 199.2 199.3 9.8 220.7 1.4 τ “butterfly”(78)
Q34 209 0.3 211.5 211.6 10.3 194.6 3.6 βC6S (77)
Q36 – 129.9 130.2 11.7 133.3 3.3 τR (70)
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fundamental vibration may be partially compensated. The triple
Fermi resonance has already been repeatedly recorded in the matrix
spectra of other bases.14,24,29 This resonance allows one to assign the
absorption band FR1 (1391.7 cm–1) to the combination vibration
ν23 + ν9, and FR2 (1337.4 cm–1) to the composite mode ν23 + ν13,
and the band at 1372.2 cm–1 to the fundamental mode Q11 (Fig. 6).

Also, this spectral region is characterized by the presence of
a significant number of absorption bands of low intensity (Fig. 6,
Table III). Some of the bands located near the fundamental
modes Q5 and Q6 (1624, 1610, 1590 cm–1) are assign to the
spectral bands of water molecules in the Ar matrix.30 However, it

cannot be ruled out that some of the bands (1598.2, 1586.0,
1577.6, 1574.2 cm–1) are the result of the Fermi resonance of the
combination vibrations ν17 + ν31 or ν18 + ν28 (Fig. 6) with the
fundamental modes of Q5 and (or) Q6. It is possible that the
high intensity of the Q6 band of the tp1 isomer is due to the
additional contribution of a similar band of the tp4c isomer.
Noteworthy there are Q8 and Q9 vibrations with very low intensity
in the experimental spectrum, which contradicts the calculations
(Fig. 6). Other calculation methods (DFT/B3LYP/aug-cc-pVDZ,
DFT/B3LYP/aug-cc-pVTZ, MP2/aug-cc-pVDZ) also show a quite
high intensity of these oscillations.

The calculation by the MP2/aug-cc-pVDZ method with
anharmonic correction does not significantly change the intensity
of Q8 and Q9 vibrations. It is possible that such a discrepancy
between the calculated and experimental spectra is associated
with the influence of the matrix. Earlier, the smearing of the
contour of the absorption bands and a drop in the peak intensity
were observed experimentally and it may be explained by the
interaction with phonon vibrations of the matrix lattice.24,31

Several weak absorption bands (1428.7, 1328, 1246.8 cm–1) can be
attributed to intense (according to the calculation) bands of the
tp4c isomer (Fig. 6).

In the spectral region 1100–750 cm–1, some of the absorption
bands belong to nonplanar bending vibrations of rings and exocy-
clic groups. Here, a visual comparison demonstrates good

FIG. 4. FTIR spectrum of 6TP in the region of stretching vibrations νNH (3500–
3400 cm–1): (a) experiment, Ar matrix [T = 8 K, matrix to sample ratio
(M/S) = 700]; (b) calculation by the DFT/B3LYP/6-311++G(df, pd) method for tp1
tautomer; (c) calculation for tautomers tp4t (curve 1) and tp4c (curve 2). Qi is
the mode number (Table III).

FIG. 5. FTIR spectrum of 6TP in the region of stretching vibrations νС8H and
νС2H (3180–2980 cm–1): (a) experiment, Ar matrix (T = 8 K, M/S = 700); (b)
calculation by the DFT/B3LYP/6-311++G(df,pd) method for the tp1 tautomer.
The dotted line shows the frequencies of possible combination bands.
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agreement between calculation and experimental bands for most
intense absorption bands (Fig. 7). The Fermi resonance of the tp1
tautomer fundamental mode with the ν18 + ν28 combination vibra-
tion leads to the appearance of the FR3 absorption band (1106 cm–

1). The intense band of the Q17 mode of the tp4c isomer most
likely overlaps with the Q18 band of the tp1 isomer (Fig. 7). Other
intense modes of the tp4c isomer (Q16, Q20, Q22,) can be attrib-
uted to weak absorption bands of the experimental spectrum:
1058.8, 905.4, 842.7 cm–1, respectively (Fig. 7 and Table III). At the

same time, very weak bands 798.4, 784.8 cm–1 (Fig. 7) cannot be
assigned to any vibrational modes of 6TP isomers.

In the spectral region 750–200 cm–1, most of the absorption
bands can be attributed to nonplanar modes (Table III). The calcu-
lated frequencies of out-of-plane vibrations γN1H (Q24) and γN7H
(Q27) are in good agreement with the frequencies of the bands of the
experimental spectrum (Fig. 8). However, for the out-of-plane Q29
mode, several absorption bands are observed (Fig. 8). The Fermi reso-
nance for low-frequency out-of-plane vibrations of purine bases was
previously observed for adenine molecules isolated in the Ar matrix.24

For low-frequency out-of-plane vibrations, it is difficult to select a

FIG. 6. FTIR spectrum of 6-thiopurine in the range of stretching and bending
vibrations of the ring and exocyclic groups (1700–1140 cm–1) : (a) Ar matrix
(T = 8 K, M/S = 700); (b) calculation by the DFT/B3LYP/6-311++G(df, pd)
method for the tp1 tautomer; (с) calculation by the DFT/B3LYP/6-311++G(df,
pd) method for the tp4c tautomer. Here and in other figures FRi is the combina-
tion mode changed by Fermi resonance. Dotted lines show the frequencies of
possible combination bands. Qi is the mode number (Table III).

FIG. 7. FTIR spectrum of 6-thiopurine in the range of stretching and bending
vibrations of the ring and exocyclic groups (1140–750 cm–1): (a) Ar matrix,
(T = 8 K, M/S = 700); (b) calculation by the DFT/B3LYP/6-311++G(df, pd)
method for the tp1 tautomer; (с) calculation by the DFT/B3LYP/6-311++G(df,
pd) method for the tp4c tautomer.
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combination band consisting of fundamental vibrations of the mole-
cule under study. In this case, it is possible to choose two combina-
tion bands ν17 + ν31 or ν18 + ν28 with the same symmetry as in Q29.
However, the frequencies of the combination bands and the frequency
of the Q29 mode practically coincide (Fig. 8). With such an arrange-
ment of frequencies, the Fermi resonance leads to the appearance of a
doublet with practically equal intensities of the bands.25 There is no
such symmetric multiplet in the 6TP spectrum (Fig. 8). Therefore, it
can be assumed that in this case, as for adenine, the Fermi resonance
is realized with the participation of librational modes.24 The frequen-
cies of librational vibrations of impurity molecules in inert matrices
may be in the range 30–120 cm–1.32 This means that the out-of-plane

fundamental vibrations Q24, Q27, or Q30 can participate in the for-
mation of a combination vibration with librational modes. Such a res-
onance scheme can be verified only by changing the matrix, as was
done for adenine.29 Indeed, the spectrum of 6TP in a nitrogen matrix
demonstrates a sharp decrease in the number of absorption bands in
the Q29 region.9 Comparison of the experimental spectrum with the
calculated spectra makes it possible to assign the absorption bands
FR4 (565 cm–1) and FR5 (582 cm–1) to the combination bands by
enhanced resonance. The FR5 band overlaps with the fundamental
mode Q30, which leads to a noticeable enlargement of intensity com-
pared to the calculation (Fig. 8). The band at 552 cm–1 refers to the
intense vibration of the thiol tautomer tp4c (Table III). Another band
of this tautomer is located practically next to Q31 (Fig. 8 and
Table III). Attention is drawn to the fact that the experimental fre-
quencies of the absorption bands of a number of out-of-plane vibra-
tions (Q24, Q27, Q33) are slightly higher than the calculated ones
(Table III). It is known that planar impurity molecules can be embed-
ded in between the closest packing planes of the Ar matrix.10 This
arrangement of the impurity molecule should affect the anharmonic-
ity of the out-off-plain vibrational modes. So, the vibration of the
pyrimidine and purine rings around the common bond C4C5
(“butterfly”) Q33 shows a high-frequency shift of 10 cm–1

(Table III). Therefore, it can be assumed that another “butterfly”
mode, Q35, also increases its frequency under the influence of the
matrix. In this case, the 227 cm–1 band belongs to this mode (Fig. 8,
Table III). Direct modeling of the effect of the matrix on the vibra-
tions of an impurity molecule requires a large amount of calcula-
tions.33 Therefore, a simpler structure was chosen to model the
inter-planar interaction: the 6TP stacking trimer (Fig. 8). According
to calculations for such structure, the largest high-frequency shift of
the Q35 vibration (+30 cm–1) is demonstrated by the middle mole-
cule of the stacking trimer. Another “butterfly” mode, Q33, upshifts
by 18 cm–1. The frequencies of these calculated vibrations are in
good agreement with the absorption bands of the experimental
spectrum [Fig. 8(a)].

4. CONCLUSIONS

It was found that 6-thiopurine molecules can be fixed in low-
temperature matrices at sublimation temperatures of 440–450 K
without thermal decomposition. The assignment of all bands of the
vibrational spectrum of the basic thione form of 6-thiopurine in the
range of 3600–200 cm–1 has been carried out. In the region of
bending vibrations, a splitting of the spectral bands caused by the
Fermi resonance is found. Five combination bands enhanced by reso-
nance were revealed. The combination bands in the low-frequency
region include librational modes. The matrix leads to the noticeable
increase in the frequency of the “butterfly” modes of the 6TP rings. It
was determined that the population of minor N9H-thiol forms is
(19 ± 5)% when the evaporation temperature is 440 K. In the entire
spectral range of 3500–200 cm–1, the 9 bands of the vibrational spec-
trum of the cis-N9H-thiol form of 6-thiopurine, which do not overlap
with the bands of the basic thione tautomer, have been assigned.
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