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As in the case of uracil, a complete set of vibrational spectra of thymine and its N-deuterated species, obtained
from several spectroscopic techniques, i.e., neutron inelastic scattering (NIS), Raman scattering, and infrared
absorption (IR), has been used in order to assign the vibrational modes on the basis of an ab initio scaled
guantum mechanical (SQM) force field. NIS, Raman, and IR spectra of polycrystalline thymine recorded at
T = 15 K provide complementary data for analyzing different groups of molecular vibrational modes. Solid-
state spectra have been supplemented with FT Raman«1.06um) and IR spectra of agueous solutions.

The spectra from both phases allowed us to analyze the effects of the environment related to strong (crystal)
or weak (solution) hydrogen bondings. The molecular fundamental wavenumbers calculated atthéP2CF

level, by using different types of molecular orbitals, have first been compared with the experimental
wavenumbers taken from the gas phase of thymine. Then the force field has been scaled in order to improve
the agreement with experimental data from solid and aqueous phases. The scaling procedure is similar to
that established in the case of uracil. We have used the Pulay method in order to improve the wavenumbers
and NIS intensities corresponding to the bond stretchings and angular bendings as well as those related to the
methyl group vibrational motions. The majority of these scaling factors lie close to unity (between 0.8 and
1.1), except for the methyl torsion, for which a large value of 1.4 was needed. The other force constants
related to the ring torsional and wagging motions have been scaled by the least-squares refinement of the
off-diagonal force constant expressed in terms of internal coordinates.

Introduction in order to study the effects of environment on the internal
modes in going from solid phase (where strong intermolecular
H-bonds exist) to solution (where weaker hydrogen bonds are
formed with solvent molecules). This new and complete set
of experimental spectra, together with the previously published
vibrational spectra in gas phase and in rare-gas matrixes, has
been used in order to assign as accurately as possible the
molecular normal modes by means of the quantum mechanical
force field obtained at SCFMP2 level.
In this work we present our results on thymine (5-methyl-

In a first paper of this seriels,we have reported our
experimental and theoretical results on the structurally simplest
pyrimidine base, i.e., uracil. From the experimental point of
view, neutron inelastic scattering (NIS) spectra recorded in the
solid phase at low temperature were used to analyze the low
wavenumber vibrational modes and especially those in which
the hydrogen atoms are involved. The NIS cross section for
hydrogen atoms is several times larger than that of the other

atoms, so in the NIS process the intensity is largely modulated . X . J
P y gcy uracil, DNA base) obtained by the experimental and theoretical

by hydrogen displacements. NIS spectra were compared with . . . .
those obtained at low temperature by Raman and IR techniques.m.ethOdOIOgIes already applied to uracil (RNA basahe main

Raman and IR spectra of the aqueous solutions were recorded®M of the present investigation is to estimate the extent to which
the molecular vibrational dynamics is influenced by the presence

“ To whom correspondence should be addressed. of a methyl group in the 5 position of the molecular ring.
€ Abstract published ilAdvance ACS Abstract&ebruary 15, 1997. It should be reminded that in the past, numerous experimental
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Figure 1. Chemical structure and atom numbering of thymine. The
four privileged conformations of the methyl group namegd T, T,
and Ty are also reported in the lower part of this figure.

investigations have been devoted to vibrational analysis of
thymine using optical spectroscopies: in the gas pRaséyr
matrix34 in the solid phasé;” and in aqueous solutich.
Regarding the theoretical studies of vibrational modes, in
addition to the pioneering work of Susi and Ardased on an
empirical force field, quantum chemical methods at the SCF
level with STO-3G’, 6-31G**8 and 6-31G**® basis sets have
been used in order to assign the vibrational wavenumbers
observed in IR and Raman spectra. Recently correlation effects
have also been taken into consideration by performing calcula-
tions at the SCFMP2 level (with a 6-31G* basis set) for :
evaluating resonance Raman (RR)nd NIS intensities of 0 200 400 600 800 1000 1200 1400 1600 1800

thymine. _ _ _ Wavenumber/cm™'

In this paper we report new MP2 calculations carried out with ry0,16 5 vibrational spectra of polycrystalline samples of thymine
extended bases (6-31G and D95V) containing polarization i, the region below 1850 cra. (A) NIS spectrum aT = 15 K; for the
functions. To interpret the NIS (in solid phase) and Raman sake of clarity the spectral intensity is multiplied by 3 in the region
and IR spectra (in solid as well as aqueous phases) obtainedibove 450 cm'. (B) IR spectrum aff = 15 K. (C) Raman spectrum
from thymine and its N-deuterated species, we have resorted(dex:= 514.5 nm) afl = 15 K. (C) Low-wavenumber Raman spectrum

to scaled quantum mechanical (SQM) calculations. (Aexc = 514.5 nm) at room temperature. (D) FT Raman spectils (
= 1.06um) at room temperature. See Table 1.

1368

Experimental Section . S -
P nm) in the low-wavenumber region is displayed in Figures 2C

Sample Preparation. Thymine (T) (Figure 1) was purchased and 3C. FT Raman spectrdfx. = 1.06um) of solid samples
from Sigma-Aldrich and used as supplied. The N1,N3- at room temperature are also reported in Figures 2D and 3D.
deuterated thymine (@) powder has been obtained from T To evidence the effects of environment on the vibrational
by repeated cycles of dissolution and stirring in(D(Goss modes, the FT Ramarid, = 1.06um) and FT-IR spectra of
Scientific, 99.9%) at 60C, recrystallization at room temperature  aqueous solutions of T and - species, are shown in the
and drying by vacuum evaporation 060. Aqueous solutions  spectral region below 1900 crh(Figure 4).

of thymine have been prepared at saturation, i.e., gald2 The strong absorption of water, due to the angular deforma-
M. Th(_e Td> solutl_on was obtained by dissolving the poly-  tion mode around 1600 crh (SOH) and 1200 cmt (4OD) in
crystalline powder in BO. the IR spectra (Figures 4F,H), makes the subtraction of the

Experimental Spectra. NIS spectra were obtained on the  splvent critical in these spectral regions. Moreover, the water
time-focused crystal analyzer spectrometer TEXA located molecules bound to thymine may hav®H (or 6OD) band
at ISIS pulsed neutron source of the Rutherford Appleton profiles different from those of pure water. So, the contributions
Laboratory (RAL), United Kingdom. Temperature of the of such absorptions are unknown and cannot be correctly
experiments has been set sufficiently low=¢ 15 K) in order  eliminated by subtraction of the pure water spectrum and the
to sharpen the vibrational fundamental bands and to decreasgesulting bands in these spectral regions are thus uncertain.

the Debye-Waller factof? and the intensity of phonon wings The whole set of observed vibrational wavenumbers are
(Qomblnanon bands between the fundamental and Iattlce_modes)gathered in Tables 1 and 2 for T anddZ-respectively. The
Figures 2A and 3A show the NIS spectra of T and;Bpecies,  rgport of the solid-phase FT Raman wavenumbers in Tables 1
respectively, in the spectral region below 1850°¢m and 2 is avoided, because they are very close to those observed

The whole experimental setup, the data acquisition system, py excitation at 514.5 nm.
and data treatment for Raman and IR spectra have been
described in our recent paper on urdciNIS spectra have been
compared with those provided by IR absorption (Figures 2B
and 3B) and Raman scatteringec = 514.5 nm, Figures 2C Calculation Methods. To estimate structural parameters and
and 3C) recorded at low temperaturé € 15 K). The harmonic fundamental vibrations of thymine in a state corre-
temperature dependence of the Raman speétia € 514.5 sponding to that of the gas phase, ab initio quantum mechanical

Theoretical Section
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Figure 3. Vibrational spectra of polycrystalline samples of N- A N S B e e
deuterated thymine (1, species) in the region below 1850 tinSee 200 400 600 800 1000 1200 1400 1600 1800
the caption of Figure 2 and Table 2. Wavenumber/cm™ !

calculations have been performed at the level of correlation Figure 4. Vibrational spectra of aqueous solutions at room temperature

. L . in the spectral region below 1900 ctnE and G: FT Raman spectra
qormally used for molecules of medium size: self-cons_lstent (Aexc = 1.064m) of T and Tel, species, respectively. F and H: FT IR
field (SCF) plus second-order MgllePlesset perturbation  gpectra of T and T, species, respectively. See also Tables 1 and 2.
treatment (MP2). Anharmonic contributions to the force field, The bands marked *, resulting from the subtraction of the water
i.e., third and higher energy derivatives with respect to atomic absorption band from the solution spectra, are not reliable (see text).
coordinates, have not been explicitly evaluated.

All computations were carried out by a GAUSSIAN92 On the basis of the present calculations and whatever the wave
package on a Cray C98 supercomputer platf&tid. As in the function basis is, four privileged conformations of the{gjtoup
case of uracit, Gaussian basis functions of douliderm (6- with respect to the uracil ring can be obtained by rotations of
31G and D95V basis sets) describing the valence shells of eactB0° around the C5C(H3) axis. Two of these particular
of the first-row atoms and hydrogens have been selected first.conformations haveCs symmetry with one of the methyl
They have been enlarged by adding a nonstandard set ofhydrogen atoms lying in the ring plane and oriented toward C6
d-polarization functions with exponents equal to 0.75, 0.80, and or C4 atoms and the other two symmetrically placed with respect
0.85 for carbon, nitrogen, and oxygen, respectively. Hereafter, to the heterocyclic ring plane (noted agahd T, conformations,
these special basis functions are referred to as 6°8HGd Figure 1). The other two privileged conformations have
D95V, However, to further discuss the hydrogen vibrational Symmetry’ inv0|ving three hydrogen atoms nonc0p|anar with
dynamics, responsible for intense NIS bands, we have under-the ring, one below and the other two above (or vice versa) the
taken kadditional calcplations with stqndqrd basis. functions molecular ring plane (noted as and Ty conformations in Figure
6-31G™ and D95V" (involving p-polarization functions of 1) The energy values corresponding to these four privileged
hydrogen atoms). o conformations as obtained by MP2/6-32Galculations are

Postprocessing of the vibrational modes (redundancy treat- reported in ref 9. In fact, the conformation Forresponds to
ment, PED matrix calculati.on for assi.gning the normal modes), the minimum of the potential energy curve, whilgcbrresponds
has been made on the basis of the Wilson GF-mé#tdusing 14 5 ransition state. Finally, both, Bind T represent similar

a home_made program (BORNS.)‘ Details concerning the_seintermediate conformations (with the same calculated energy).
calculations are found in our previous paper devoted to utacil. .
Table 3 shows for the J conformation the calculated

Geometry Optimization and Methyl Group Conformation. . . . .
Disregarding the hydrogen atoms of the methyl group, thymine geometrical parameters and the corresponding energies obtained

has a planar geometry. The orientation of the methyl group by various MP2 ca_lculations. The exper_iment_al geometrical
corresponding to the molecular energy minima has been Parameters determined from the X-ray diffraction patterns of
discussed in a previous ab initio Hartrefock calculation with ~ thymine monohydratéand thymine anhydratehave also been
split-valence 4-21G basis séfs.This orientation is the same ~ 'eported in Table 3 for comparison.

as that found with more sophisticated calculations, i.e., HF/6-  Choice of Symmetrical Internal Coordinates. All of the
31G* or MP2/6-31G*, carried out recently by Rush and vibrational mode calculations have been performed with the
Peticolas geometrical parameters related to thecbnformation (Table
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TABLE 1. Comparison between Experimental and Scaled 6-31G* Wavenumbers (in crt) for Thymine in the Spectral Region
below 1800 cnrt2

experimental

NIS Raman IR
A C E B F calcd potential energy distribution (%)
A’ Species
1772 (w)
1708 (sh) 1737 (s) 1704 (s) 1760 €02 (56); C2-N3 (7)
1672 (vs) 1669 (s) 1673 (vs) 1728 €B&6 (28); C4=04 (25); C4-C5 (10)
1652 (sh) 1632 (w) 1679 G404 (41); C5=C6 (13); N1C6H (9); C5C6H (7); C6-N1 (5)
1510 (sh) 1530 (sh) 1524 €22 (13); C4-C5 (12); C6N1H (11), C£04 (10); C6-N1 (9),

N3—C4 (7); C2N1H (7); C5C(H3) (5)

1499 (m) 1501 (m) 1502 (vw) 1498 (w) 1493 @Hntisym bend. 1 (44); CHantisym bend. 2 (15); CHantisym rock.
2 (9); C6N1H (7)

1485 (m)

1491 (m) 1485 (m) 1472 C#antisym bend. 1 (17); C2N1H (15); C6N1H (11); €@5 (10);
CHjs-antisym bend 2 (6)

1435 (m) 1443 (w) 1431 (m) 1442 (m) 1428 NI1C6H (17)=8Z6H (14); C5=C6 (14); CH-antisym bend. 1 (13);
N1—-C2 (7)

1431 (m)

1410 (m) 1415 (w) 1402 (w) 1420 (m) 1406 C4N3H (26); C2N3H (24)=C2 (16); C4=04 (15)
1387 (m) 1370 (vs) 1389 (m) 1382 (w) 1388 (w)
1360 (vs) 1372 (w) 1365 (vw) 1373 GHym bend. (36); Cktsym rock. (35); C5-C(H3) (17)
1262 (m) 1265 (w) 1289 (w) 1262 (w) 1270 ERi3 (23); N1-C2 (15); C5-C(H3) (12); C4-C5 (10): N1C6H (8)
1251 (w) 1248 (s)
1224 (m) 1218 (w) 1234(s) 1217 (m) 1237 (sh) 1220 —GH (42); C5-C(H3) (19); C6N1H (10)
1204 (s) 1216 (s)
1177 (m) 1161 (w) 1165(m) 1154 (vw) 1166 (vw) 1174 N34 (35); C6-N1 (9); C5C(H3) (9); CH-antisym rock. 2 (8)
1054 (m) 1063 (w) 1031 (w) 1022 (w) 1028 Gldntisym rock. 2 (60)
988 (m) 985(m) 985(m) 983(m) 983 (W) 973 GHntisym rock. 2 (21); N+ C2 (20); C2-N3 (10); C4-C5 (9)
807 (m) 808 (m) 794 (vw) 807 (vw) 804 GE(H3)(25); NE-C2 (11); N1C2N3 (8); CEN1C2 (8); G202 (8);

N1C6C5 (7)
751 (m) 743(s) 747 (s) 755 C4C5 (29); C5-C(H3) (20); N1-C2 (7); C5=C6 (7)
621 (m) 621(m) 613 (m) 610 C5E#04 (21); N1C2=02 (14); N3C2=02 (13); N3C4=04 (8);
C4C5C(H3) (7)
617 (m)
562 (w) 562 (w) 559(m) 560 (m) 545 C2N3C4 (14); N3€24 (11); N1C6C5 (10); C2N3 (10); N3C4C5 (9);
N3C4 (8); N1C2=02 (7)
556 (w)
479 (w) 482 (m) 474 (m) 460 C4GEC6 (16); N3C2=02 (12); N1IC2N3 (11); C5C(H3) (9); N3C4CS5 (9);
C6N1C2 (8); N3-C4 (6); N3C4=04 (6)
357 (w) 405 (vw) 403 (w) 389 N1G202 (20); N3C2=02 (14); N3C4=04 (12); C5C4=04 (12); N3-C4 (9);
C2—N3 (7); C2N3C4 (6)
286 (s) 285 (vw) 276 (vw) 281 CA4C5C(H3) (36); €65C(H3) (32); C5C#04 (8); CH-antisym rock. 2 (7)
A" Species
1458 (s) 1463 (m) 1453 (m) 1451 (s) 1461 g£ahtisym bend. 2 (69); Ciantisym bend. 1 (23); Ciantisym rock. 1 (8)
1054 (m) 1051 (w) 1108 (w) 1050(vw) 1049(vw) 1071 ghhtisym rock. 1 (85)
1090 (w)
945(m) 936(w) 928 (w) 937(m) 934 (w) 945y (C6H) (52);7(N1C6) (18);7(C5=C6) (14);w(C4=04) (6)
851 (w) 833 (sh) 850 (m) 865 (w) 8491 (N3H) (35);7(N3C4) (17);7(N3C2) (15);w(C6H) (14);w(N1H) (6)
813 (m) 816 (s) 815 w(N1H) (21); w(C6H) (18);7(N1C2) (16);w(N3H) (12);(N3C2) (13);
7(N1C6) (9);7(N3C2) (9);7(N3C4) (8)
763 (sh) 751 (sh) 761 (m) 7550(C2=02) (84);w(C4=04) (7)
751 (m) 747 (w) 743 w(C4=04) (54);w(C6H) (20);w(C2=02) (8); C5-C(H3) wag (9)
431(s) 432(m) 419 (w) 431 CHC(H3) wag (29)w(C6H) (29);w(N1H) (17); w(C4=04) (6)
425 (w)
323 (s) 320 (vw) 311 (w) 319 C5C(H3) wag (43)w(N3H) (10); CHs-antisym rock. 1 (9)w(C6H) (7);
w(C4=04) (7)
206 (s) 206 (w) 229 (m) 210w(N3H) (42); C5-C(H3) wag (15)w(N1H) (11);7[C5C(H3)] (9);
7(C4C5) (7)
174 (vs) 182 (vw) 173 7[C5C(H3)] (76); C5C(H3) wag (7)
148 (m) 160 (m) 143 w(N1H) (36); w(N3H) (18);7(N3C2) (15);7(N1C2) (12);w(C4=04) (10)

a Assignments are based on the internal coordinates for which the potential energy distribution (PED) is reported in percent (only contributions
greater than 6%). See also Figures 2 and 4 and Figures 8 and 9. The scaled wavenumbers above'1l8@02882 (Chsym str), 2993
(CHs-antisym str 1), 3001 (CHantisym str 2), 3065 (C6H), 3434 (N3H), 3477 (N1H). (A) NIS spectrum at 15 K. (B) IR spectrum in solid phase
at 15 K. (C) Raman spectra in solid phase at 15l¥ = 514.5 nm and (E) FT Raman spectruia.{ = 1.06 um) of aqueous solution at room
temperature. (F) FT IR spectrum of aqueous solution at room temperature. vs: very strong, s: strong, m: medium, w: weak, vw: very weak, sh:
shoulder, br: broad.

3). The symmetrical coordinates reflecting the local symmetry Cs, to Cs (when it is connected to the uracil ring), allows the
(Cs,) of the methyl group, belonging tosfand E irreducible A; symmetrical coordinates to appear in the PED of tHe A
representations, have been used in our normal-mode calculationsiormal modes. The doubly degenerate antisymmetrical coor-
(Table 4). The lowering of the methyl group symmetry from dinates (E species) appear among both thamd A’ normal
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TABLE 2: Comparison between Experimental and Scaled 6-31G* Wavenumbers (in cri) for T-d2 Species in the Spectral
Region below 1800 cm!2

experimental

NIS Raman IR
A C G B H calcd potential energy distribution (%)

A’ Species
1712 (vw) 1675(sh) 1710(s) 1673 (vs) 1735 =622 (66); C2-N3 (7); N1-C2 (6)
1673 (vs) 1659 (vs 1667 (vs) 1661 (sh) 1718 =€I6 (31); C4=04 (24); C4-C5 (9); N1C6H (8)
1656 (w) 1630 (m) 1641 (m) 1627 (vs) 1666 =£€@4 (49); C4C5 (11); C5=C6 (10); N1CEH (8); C5C6H (6)
1617 (w) 1613 (w)
1594 (w)
1515 (m) 1511 C4C5 (16); C4=04 (16); N3-C4 (10); CH-antisym bend 1 (10);
CHgz-antisym rock. 2 (7)
1486 (m) 1480 (m) 1485(m) 1481 (s) 1484 gahtisym bend 1 (51); CHantisym bend 2 (17); Ciantisym rock. 2 (5)
1436 (W) 1442 (m) 1426 (w) 1429 (m) 1427 NI1C6H (22)=656H (16); C5=C6 (15); CH-antisym bend 1 (14);
N1-Cz2 (7); C5-C(H3) (6)
1384 (m) 1380 (vs) 1389(m) 1384 (w) 1373 (w) 1373 4m bend (37); Cktsym rock. (35); C5C(H3) (18);
1364 (vs) 1373 (w)
1350 (m) 1335 (w) 1334 (m) 1332(m) 1332(m) 1353 -@l (29); C2-N3 (18); C2=02 (10); C2N1D (10); C6N1D (7)

1270 (sh) 1261(s) 1292 (vw) 1269 €ERI3 (22); N1I-C2 (15); C6-N1 (13); N3-C4 (12); C5-C(H3) (8);
C4-C5(8
1263 (m) ©
1231 (m)  1225(w) 1219 (w) 1213 (vw) 1241 NE4 (21); C5-C(H3) (19); C2N3D (14); C4N3D (8); G202 (8)
1108 (w) 1108 (w) 1115(m) 1101 (m) 1099 (m) 1120 -G@5(H3) (15); C4AN3D (12); N+ C2 (11); N3-C4 (11); C2N3D (8);
N3C4=04 (7
1040 (w) 1047 (m) 1034 (m) 1033 (w) 1062 @Hntisym r(O():k. 2 (56); C6N1D (11); C2N1D (7)
964 (m) 966 (w) 963 (w) 959 (vw) 962 GHantisym rock. 2 (27); C2N1D (22); C6N1D (18); €611 (11)
921 (sh) 918 (m) 893 (w) 912 (w) 906 (w) 879 (C2N3D (18);Na2 (10); C2-N3 (10); C4N3D (9); C6N1C2 (8)
896
783 (br, m) 811 (sh) w 783 NAC2 (24); C2-N3 (10); C5-C(H3) (7); N1C6=C5 (7); CAC5=C6 (6)
720 (w) 722 (s) 727 (s) 723 (w) 730 €45 (24); C5-C(H3) (26); CAN3D (9); C5C6 (7); N1C2N3 (7)
603 (s) 600 (s) 602 (vw) 592 C56E4D4 (20); N3C2=02 (12); N1C2=02 (11); C4C5C(H3) (7);
579 (w) C5=Cé6 (6)
547 (m) 551 (m) 553 (m) 534 N3G404 (13); C2N3C4 (12); N1G8C5 (10); C2-N3 (9); N3—-C4 (9);
N1C2=02 (8); C2N3D (7); N3C4C5 (6)
520 (w)
474 (m) 479 (w) 471 (m) 456 CA4GEC6 (15); N3C2=02 (12); N1C2N3 (11); N3C4C5 (10);
C5—-C(H3) (8); CEN1C2 (8); N3C#04 (8)
470 (sh)
360 (w) 384 (w) 387 N1C202 (21); N3C2=02 (14); C5C404 (12); N3C4=04 (11);
N3—C4 (9); C2-N3 (7); C2N3C4 (7)
285 (s) 283 (w) 281 C4C5C(H3) (36); E&5C(H3) (32); C5C#04 (8); CH-antisym
rock. 2 (7)
A" Species
1453 (w) 1462 (w) 1460 (m) 1476(s) 1470(s) 1461 sLiitisym bend 2 (69); CHantisym bend 1 (23); Ciantisym rock. 1 (8)
1052 (s) 1055 (w) 1047 (w) 1070 Ghantisym rock. 1 (86)
942 (s) 936 (w) 938 (m) 932 (s) 930w(C6H) (62);7(C5=C6) (16);7(N1C6) (10);w(C4=04) (7)
783 (br,m) 795 (s) 797 (s) 803 (m) 763 (s) 758 (C2=02) (84);w(C4=04) (7)
770 (s) 743 w(C4=04) (54);w(C6H) (20); C5-C(H3) wag (10)w(C2=02) (8)
643 (m) 622 (w) 621 (m) 630 7(N1C6) (20);w(N3D) (17);7(N1C2) (15);w(N1D) (14); w(C6H) (11);
7(N3C4) (9);7(N3C2) (6)
602 (m) 600 (m) 599 w(N3D) (36);7(N3C2) (17);7(N3C4) (16);w(N1D) (11);7(N1C2) (9);
N1C6) (8
424 (s) 426 (m) 415 (w) 421 w(é(GH) (2)8§; )CS—C(HS) wag (26)w(N1D) (23);7(C5=C6) (8);
w(C4=04) (6)
321 (s) 323 (w) 306 (m) 318 C5C(H3) wag (44)w(N3D) (9); w(C4=04) (8);w(C6H) (6)
207 (s) 210 w(N3D) (42); C5-C(H3) wag (15);w(N1D) (10);7[C5—C(H3)] (9);
7(CAC5) (7)
173 (vs) 180 (w) 172 7[C5—C(H3)] (75); C5-C(H3) wag (8)
148 (m) 157 (m) 143 w(N1D) (36); w(N3D) (18);7(N3C2) (15);7(N1C2) (12);w(C4=04) (10)

aThe scaled wavenumbers above 1800 tare 2519 (N3D), 2552 (N1D) 2932 (Gtym str), 2993 (Chtantisym str 1), 3003 (CHantisym
str 2), 3065 (C6H). (G) FT Raman spectruig,{ = 1.06um) of aqueous solution at room temperature. (H) FT IR spectrum of aqueous solution
at room temperature. See also the caption of Table 1 and Figures 3 and 4.

mode assignments, except for the antisymmetrical rocking of the ab initio force field has been fully described in our
modes which are transformed to either theoAthe A’ species previous paper on uradil. Briefly, force constants related to
(Tables 1 and 2). bond stretchings and angular bendings of the uracil ring as well
Scaling of the ab Initio Force Field. To improve the as those related to the methyl group vibrational motions have
agreement between the calculated wavenumbers and thoséeen scaled by using the Pulay meti®é Table 4 gives the
observed in the solid state and aqueous phase, as well as to getalues of the 24 scaling factors used in the vibrational mode
a good fit with the NIS intensities in solid phase, the molecular calculations of both T and @ species. They have been
force field of thymine has been scaled. The scaling procedure compared with those previously used in urddiby scaling the
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TABLE 3: Thymine Geometry Parameters As Obtained by Various MP2 Calculation$

calculated
exptP exptF MP2/6-31G") MP2/6-31G’ MP2/D95\") MP2/D95V"
Bond Lengths/A
N1-C2 1.355 1.314 1.386 1.385 1.387 1.387
C2—-N3 1.361 1.345 1.386 1.386 1.388 1.388
N3—-C4 1.391 1.413 1.403 1.402 1.405 1.405
C4-C5 1.447 1.476 1.463 1.462 1.468 1.468
C5=C6 1.349 1.369 1.355 1.354 1.362 1.362
C6—N1 1.382 1.408 1.380 1.379 1.384 1.383
N1-H 0.79 1.013 1.008 1.016 1.010
C2=02 1.234 1.246 1.225 1.225 1.230 1.229
N3—H 0.81 1.017 1.012 1.020 1.015
C4=04 1.231 1.193 1.230 1.230 1.235 1.234
C5—-C(H3) 1.503 1.522 1.497 1.495 1.502 1.500
C(H3)-H 0.97 1.094 1.089 1.097 1.092
0.88
0.80
C6—H 0.86 1.087 1.088 1.088 1.084
Bond Angles/deg
C2-N1-H 112.0 114.939 114.923 114.981 115.140
C6—N1-C2 122.8 123.0 124.052 124.087 123.876 123.872
C6—N1—-H 125.0 121.010 120.989 121.143 120.989
N1-C2=02 122.7 122.0 123.552 123.564 123.461 123.487
N1-C2—-N3 115.2 118.0 112.224 112.216 112.613 112.564
N3—C2=02 122.1 121.0 124.224 124.220 123.926 123.949
C2-N3—-H 108.0 115.429 115.366 115.358 115.354
C2—N3-C4 126.3 126.0 128.616 128.609 128.415 128.477
C4—N3—-H 125.0 115.955 116.024 116.227 116.168
N3—-C4=04 118.3 121.0 120.703 120.750 120.472 120.538
N3—-C4-C5 115.6 114.0 114.354 114.322 114.513 114.446
C5-C4=04 126.1 125.0 124.943 124.929 125.015 125.017
C4—C5-C(H3) 119.0 119.0 117.654 117.682 118.002 118.088
C4—C5=C6 118.2 119.0 118.359 118.427 118.182 118.184
C6=C5—C(H3) 122.8 122.0 123.987 123.891 123.816 123.729
N1-C6—H 111.0 115.227 115.275 115.404 115.395
N1-C6-C5 121.8 120.0 122.396 122.339 122.401 122.457
C5=C6—H 127.0 122.377 122.385 122.194 122.148
C5—-C(H3)—H' 126.0 111.046 110.993 110.786 110.723
C5—-C(H3)—H" 123.0 110.548 110.509 110.338 110.372
C5—-C(H3)—H"" 118.0 110.548 110.509 110.338 110.372
H'—C(H3)—H" 96.0 108.817 108.832 109.021 109.009
H'—C(H3)—H"" 96.0 108.817 108.832 109.021 109.009
H"—C(H3)—H"" 89.0 106.951 107.060 107.253 107.275
methyl group torsions/deg
C6—C5—C(H3)—H' 0.0 0.0 0.0 0.0
C6—C5—C(H3)—H" 120.884 120.842 120.829 120.794
C6—C5—C(H3)—H"" —120.884 —120.842 —120.829 —120.794
total energy/au —452.815 222 —452.861 042 —452.868 189 —452.922 287
Z.P.V./Jau 0.1166 0.1172 0.1160 0.1368

aThe experimental results are taken from the X-ray diffraction patternb)ahymine monohydraté and €) thymine anhydraté?

in-plane vibrational modes. Deviations from the uracil scaling have been modified by the least-squares technique in order to
factors do not exceed 24%: the maximum deviation concernsimprove both vibrational wavenumbers and NIS intensities.
the C-C bond stretch scaling (due to the presence of g CH

group). This confirms the idea of transferring the scaling factors Discussion

from one molecule to a structurally similar one, of course when
the geometry optimization and force field calculations have been

performed at the same level of theory. The majority of scaling validity of the nonscaled and scaled ab initio force fields.

factors lie between 0.8 and 1.1, i.e., close to unity. The only Lo . o ,

exception is the large value (1.40) selected as the scalin faCtorMoreover, the estimation of NIS intensities requires both the
P 9 - . 9 1acton 1y ational wavenumbers and normalized atomic displacements,

for the methyl torsion coordinate. This value made possible

. . especially those corresponding to the hydrogen atoms. For this
the wavenumber upshift of the methyl torsion mode calculated (3500, the simulation of NIS spectra can be considered as an

at 149 cmi* (with unscaled force field) to 173 cmh (with scaled  qgitional proof for checking the reliability of our theoretical
force field). The other force constants related to the ring force fields, the extension of the used basis sets and the empirical
torsional and wagging motions have been scaled separately byscaling. As previously shown in guanifeadenine? and
using the previously reported methédhe diagonal force  yracil}® the internal modes (molecular modes) and external
constants have been left unchanged with respect to the primitivemodes (lattice modes) are observed in two distinct spectral
theoretical values, and only the off-diagonal terms, reflecting regions in NIS spectra. This simplifies considerably the
the interactions between the out-of-plane internal coordinates, treatment of the internal modes and the analysis of their coupling

Wavenumbers from spectra recorded in different phases (gas,
solution and solid) have been taken as reference in testing the
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TABLE 4: Scaling Factors for Thymine?

coordinate specification uracil thymine
v(C—N) 0.942 0.903
»(C—-C) 0.952 1.180
v(C=C) 0.834 0.890
»(C=0) 0.792 0.831
v(C—H) 0.897 0.889
v(N—H) 0.905 0.905
O(C—N—H) 1.032 1.058
O(N—C—H) 1.069 1.198
d(N—-C-C) 0.993 0.933
0(C—N-C) 0.996 0.996
O(N—C—N) 0.992 0.992
6(C—C=C) 1.144 1.032
6(N—C=C) 1.144 1.043
0(N—C=0), 6(C—C=0) 1.092 1.048
0(C—C—H), 6(C=C—H) 0.992 1.058
coordinate specification (methyl group) thymine
v[C5—C(H3)] 0.957
0[C—C—C(H3)] 1.012
CHa-sym str= (1/v/3)[»(CH)+v(CH")+v(CH")] 0.892

CHs-antisym str 1= (1/x/§)[v(CH”)—v(CH”’)]

CHg-antisym str 2= (1/v/6)[2v(CH)—v(CH")—»(CH"")]
CHa-sym bend= (1/v/3)[6(H'CH")+(H'CH"")+d(H ' CH™)] 0.810
CHs-antisym bend & (1/+/2)[(H'CH"")—&(H'CH™) 0.910
CHs-antisym bend 2= (1/+/6)[20(H'CH")—6(H'CH")—8(H"CH"")] '
CHa-sym rock= (1/+/3)[6(C5CH)+8(C5CH")+(C5CH")] 0.932
CHs-antisym rock 1= (1/+/2)[6(C5CH')—d(C5CH")] 0.954
CHgz-antisym rock 2= (1/+/6)[20(C5CH)—8(C5CH’)—3(C5CH"™)] '
7[C5-C(H3)] 1.400

aThe values of the similar scaling factors found in uraaile reported for comparison.

0.880

with the external ones. In thymine (Figures 2 and 3), lattice  Experimental Spectra in the Condensed Phase: Wave-
modes give rise to bands below 140 ¢m numbers and NIS Intensities Calculated with a Scaled Force
Experimental Spectra in the Gas Phase: Wavenumbers  Field. As in the case of uracfithe starting point in the scaling
and NIS Intensities Calculated with a Nonscaled Force Field. procedure was the calculated force field obtained with 6{31G
The theoretical vibrational wavenumbers of thymine calculated basis sets. The vibrational wavenumbers obtained by scaled
with a nonscaled force field are compared with those obtained force field are reported in the Tables 1 and 2 for T and,T-
experimentally for the gas pha%eAs in the case of uradil species, respectively. In Figures 6 and 7, we report NIS
acceptable values of they/vca ratios are found (located in  simulated spectra calculated for these two isotopic species,
the 0.922-1.244 range), whatever are the basis functions used involving the first-order spectra as well as the combinations
in these calculations (Table 5). between the lattice and fundamental modes (up to the third
In Figure 5 are shown the first-order simulated NIS spectra order)! To give a picture of each normal mode harmonic
obtained with different nonscaled force fields derived by dynamics, graphical representations of theaAd A" modes
different MP2 calculations. The main striking effects revealing located below 2000 cmt are shown in Figures 8 and 9,
the disagreement between the experimental and simulated NISrespectively.
spectra can be mentioned as follows: (i) the NIS simulated In the following discussion, we overview the most charac-
intensity is largely overestimated around 695 and 560'cm teristic vibrational features, reminding the changes occurring
Table 5 shows that these calculated modes correspond to then the NIS, IR, and Raman spectra from uracil to thymine. The
out-of-plane vibrational motions involving the N3 and N1 atoms, intense NIS bands involving mainly the vibrational motions of
respectively, which are both hydrogen bonded in thymine the methyl hydrogen atoms, will guide us to attain this goal.
crystalline lattices7:18 (ii) As far as the methyl group motions The 1756-1600 cnt! spectral region involves mainly the
are concerned, one should emphasize the overestimation of theC=0 and G=C bond-stretching motions. As for uracil, NIS
simulated NIS band around 1530 chwhich mainly arises from spectra give rise to a broad and weak band (Figure 2) centered
CHz bending motions (Figure 5). Likewise, the intensity of around 1600 cmtwhich is canceled for the @, species (Figure
the methyl torsional mode (calculated around 150 Hris also 3). This effect should be correlated to the couplingdédfH
overestimated. These calculated intensities are not improvedwith carbonyl stretching motions, which is not reproduced by
even when p-orbitals on hydrogen atoms (6-31®asis the present calculations. Optical spectra in this region reveal
functions) are added. Moreover, the most advanced bases usedore intense and resolved bands, allowing their assigments by
in this work (6-31G" and D95V") lead generally to the the theoretical wavenumbers to be performed (Tables 1 and 2).
shortening of the €H and N-H bond lengths (Table 3) and  The optical spectra in solid phase are more structured than those
consequently to an increase of the corresponding stretchingrecorded in solution. As Figures—2 show, the shifts of the
wavenumbers which are already too high (Table 5). C=0 and G=C stretch wavenumbers from the solid phase to
We conclude that the disagreement between the experimentakolution, exhibit the effect of environment on these vibrational
and simulated NIS spectra with nonscaled force fields is modes. The two carbonyls which are known to be involved in
independent of the basis functions used here and can only bentermolecular H-bonds in the crystal lattiE€'8should be more
improved by an adequate scaling procedure (see next section)weakly H-bonded to water in solution.
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TABLE 5: Comparison Between Nonscaled Calculated Wavenumbers and Experimental Data (Gas Phase, Ref 2)

exptl (gas) calculated
Raman IR 6-316 6-31G” assignment D95V assignment
A’ Species
3434 3430 36540.939) 3728(0.920) Ni1-H 3647(0.940) Ni1-H
3407 3402 36100.942) 3682(0.924) N3—H 3602(0.944) N3—H
3020 3021  325@00.930) 3288(0.919) C6—H 3243(0.932) C6-H
2970 2966  32010.927) 3240(0.915) CHs-antisym str 2. 31910.929) CHgz-antisym str 2.
2931 2938 31040.947) 3136(0.937) CHs-sym str 308Q0.954) CHgs-sym str
1722 1720 1860.922) 1867(0.921) C2=0 1840(0.935) C2=0
1714 1710 180%0.947) 1806(0.947) C4=0 1781(0.947) C4=0O
1622 1624  173%0.936) 1739(0.934) C=C;C4=0 1719(0.945) C=C; C4=0
1494 1491  15380.973) 1536(0.971) C—N;CN1H;C4-C5 1526(0.977) CHs-antisym bend. 1; C6N1H
1462 1466  15540.943) 1555(0.943) CHs-antisym bend. 1; 1540(0.952) CHs-antisym bend. 1;
CHs-antisym bend. 2 CH3- antisym. bend. 2
1425 1421  14580.975) 1458(0.975) CNI1H; C2-N3; C4-C5 1450(0.980) CN1H; C2-N3; C4-C5
1385 1381  14200.973) 1419(0.973) CN3H; C6-H bend 14140.977) CN3H; N3-C4
1378 1374  14710.934) 1470(0.935) CHs-sym bend; ChHsym rock; 1462(0.940) CHs-sym bend; Chsym rock;
C5-C(H3) C5—-C(H3)
1340 1337 14180.946) 1415(0.945) CN3H; C2-N3 1404(0.952) C6—H bend; Nt+-C2
1271 1269  12381.025) 1235(1.027) C—N;C5—-C(H3) 1232(1.030) C—N; C5-C(H3)
1209 1208  12840.941) 1285(0.941) C5-C(H3); C6-N1 1283(0.942) C5—-C(H3); C6-N1
1161 1160 119@0.975) 1190(0.975) N3—C4; CHs-antisym rock. 1184(0.980) N3—C4; C6-N1;
2; C6-N1 CHs-antisym rock. 2
1030 1028 104%0.984) 1046(0.984) CHs-antisym rock. 2 10420.987) CHgs-antisym rock. 2
1016 1018 9881.030) 988(1.030) N1-C2; CHs-antisym rock. 2 9861.032) N1-C2; CH;-antisym rock. 2
947 944 8131.161) 815(1.158) C5—C(H3); N1-C2; ring bend 81@1.165) C5—C(H3); N1-C2; ring bend
746 750 75Q1.000) 750(1.000) C4—C5; C5-C(H3) 746(1.005) C4—C5; C5-C(H3)
591 592 6070.975) 607(0.975) C=O0O bend 6050.979) C=O bend
537 540 5460.989) 547(0.987) C2N3C4; N3C4=0; N1C6C5 5450.991) C2N3C4; N3C40; N1C6C5
481 480 461(1.041)  461(1.041) C4C5C6; N3C2=02; N1C2N3 46(1.043) C4C5C6; N3C2=02; N1C2N3
384 381 3860.987) 386(0.987) NC2=0; NC4=0 386(0.987) NC2=0; NC4=0
279 278 CC5-C(H3) 280 CC5-C(H3)
A" Species
2945 2950 31900.925) 3228(0.914) CHs-antisymstr1 31810.927) CHs-antisym str 1
1440 1437  15290.940) 1528(0.940) CHs-antisym bend. 2; 1510(0.952) CHs-antisym bend 2;
CHs-antisym bend. 1 CHs-antisym bend. 1
1066 1064 10890.977) 1090(0.976) CHs-antisym rock. 1 10890.977) CHs-antisym rock. 1
920 917 88((1.042) 884(1.037) w(C6—H); t(C5=CB6) 859(1.068) w(C6—H); 1(C5=CB6)
808 808 73Q1.107) 723(1.117) w(C2=0); w(N3H); 747(1.082) w(C2=0); w(C4=0);
w(C4=0) w(N3H)
712 710 7470.950) 742(0.942) w(C2=0); w(C4=0) 756(0.939) w(C4=0); w(C2=0)
658 655 6970.940) 695(0.942) w(C2=0); w(C4=0); 691(0.948) w(N3H); 7(N3C4);
7(N3C4);7(N3C2) 7(N3C2)
559 560  56§0.986) 572(0.979) (CN); w(N1H) 553(1.013) 7(CN); w(N1H)
465 469 3771.244) 375(1.251) C5—-C(H3)wag; 388(1.209) C5—C(H3) wag;w(N1H);
w(N1H); 7(C5=CB6); w(C4=0) w(C4=0); 7(C5=C6)
357 292(1.223) 291(1.227) C5-C(H3) wag;w(N1H) 288(1.240) C5—C(H3) wag;w(N1H)
139 149(0.933) 146(0.986) [C5—C(H3)] 152(0.914) [C5—C(H3)]
143 141 ®(N3H); 7(C4—C5); 7(N3—C4) 147 ®(N3H); 7(C4—C5); 7(N3—C4)
109 109 o(N1H); 7(ring) 107 o(N1H); 7(ring)

aThe values in brackets are thggvcac ratios. For each vibrational mode a limited assignment based on the major internal coordinates is also
reported. The numbering of the atoms is avoided when several internal coordinates of the same group are found in the description of the PED.

In the 1556-1300 cnT? spectral region, the NIS and optical this spectral range. Part of the change in going from T i T-
spectra of thymine yield additional bands (Figure 2) as compared species is quite reproduced by the calculations. Because of the
to those of uracil. The methyl group as well as the ring underestimation of the NH angular deformation contribution
hydrogen motions take part in the modes observed in this region.in the calculated mode at 1270 cifor T species (Table 1,
One can assign the GHharacteristic bending modes by the Figure 8) the experimental isotopic shift in this region cannot
present calculations. be well reproduced (Figure 7). The effect of environment in

The presence of the methyl group also perturbs the uracil this range should also be emphasized (comparison between
vibrational modes in the 136@1100 cnt! spectral region. NIS  solid-phase and solution optical spectra, Figures 2 and 4).
spectrum of uraclireveals a broad and intense band peaking  CHaz-rocking motions, alone or coupled with the ring-
around 1251 cmt involving the in-plane N-H angular bending. stretching motions of thymine, give rise to two intense NIS
In thymine, this band is decomposed into three components atbands at 1054 and 988 ci The former is observed weakly
1262, 1224, and 1177 crh (Figure 2). According to our in optical spectra, whereas the latter appears as a medium Raman
calculations, the coupling of the €%(H3) bond stretch with band for both solid and aqueous phases.
the ring bond stretch and angle deformations is responsible for Below 950 cnt?, wagging and torsional motions give rise to
this effect (Table 1). These components splitted by the crystal medium and intense bands on NIS spectra. Some of these
field are observed with a higher resolution in Raman and IR modes are also observed in IR spectra. In our previous paper
spectra of the solid phase. Upon deuteration, NIS and optical on uracill we have mentioned the particular difficulties related
spectra show that the number of observed bands is reduced irto the calculation of the wavenumbers and NIS intensities of
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Figure 6. Comparison between experimental (top) and simulated NIS %0 369 281

(with scaled 6-316 force field) spectra for thymine in the 160900 ) . . ) p
cm ! spectral region. The vertical lines (top) represent the calculated Figure 8. Gr:?phlc representation of calculated (with scaled 631G
first-order intensities. The spectral simulation (down) has been per- force field) A-symmetry vibrational modes (below 2000 ci of

formed by superposing the first-, second-, and third-order spectra. thymine. Assignments of these modes in terms of internal coordinates

are reported in Table 1.
N—H waggings (especially the NAH wagging). To explain
this problem in the case of uracil, two main reasons had beenin the case of uracil. As regards the coupling betweer-N1
invoked: (i) a strong H-bond network, which is obviously absent wagging and the torsional motions, some subtle differences
in the theoretical calculations performed for an isolated mol- between uracil and thymine should be emphasized here. In
ecule. (ii) A strong coupling predicted by the calculations uracil, the calculated modes below 250 ¢mrovide large out-
between the NtH wagging and the skeleton torsional modes. of-plane displacements of H1 atom, while in thymine similar
In the case of thymine, although the crystal strucifffpresent modes mostly involve N1 and N3 out-of-plane motions (see
shorter H-bond lengths, leading to a stronger H-bond network graphical representations of 210 and 143 tmodes in Figure
compared to uracil, the scaled force field allowed all threeHN 9). We conclude that the existence of the methyl group in the
and C-H wagging modes to be satisfactorily assigned (Table molecular system of thymine would significantly alter the nature
2, Figure 8). Thus, the absence of an H-bond in the theoretical of the coupling between theNH wagging and the torsional
model is not sufficient to explain the discrepancies encounteredmotions. Thus, the scaling of the-NH wagging vibrations in
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143

Figure 9. Graphic representation of calculated-8ymmetry vibra-
tional modes of thymine. See the caption of Figure 8 and Table 1.

the 8006-900 cn1! range, becomes easier than in the case of
uracil. The calculations also account for the isotopic shifts of
these wagging vibrations.

In thymine, the coupling between the €6(H3), C6-H, and
N1—H waggings gives rise to an intense NIS band at 431cm
(432 cntl in Raman) which is shifted to 424 crh(426 cnr?
in Raman) upon deuteration (Figures 2 and 3).

NIS spectra of uracil exhibit a broad gap between 250 and
400 cntl, whereas thymine yields two narrow bands at 286
and 323 cm® with a major contribution from the methyl group
vibrational motions. The lack of hydrogen motions in the
calculated mode at 210 crh (observed at 206 cm in NIS
spectrum, Figure 6), leads to the underestimation of its intensity.
As in the case of uracil,the NIS spectral shape below 350
cm~! remains unchanged upon N-deuteration: the contribution
of the N—H hydrogen motions is expected to be weak. For
thymine, this fact is accounted for by our calculations. The
most prominent NIS band observed at 174 ¢iis assigned to
the methyl group torsional mode.

Finally, resolved Raman bands observeid at 15 K around
129, 121, 100, 82, 47, and 36 chtan be assigned to the lattice
modes. The broadening of these bands from low to room

J. Phys. Chem. A, Vol. 101, No. 10, 1991817

calculations performed by means of an adequate quantum
mechanical force field allows the main vibrational features of
a nucleic acid base to be understood. In all previous works on
thymine, even those using extended atomic basis sets and
correlation effects, the theoretical assignements were based on
the wavenumbers observed in IR and/or Raman spectra.
Unfortunately, the low-wavenumber modes, mainly arising from
the C—H and N—-H waggings or from the ring torsional motions,
are either not observed or are of very low intensity in optical
spectra, whereas these modes give rise to very intense bands in
NIS spectra. Thus, the proposition of an SQM force field for
nucleic acid bases, fitted on IR, Raman, and NIS spectra, has a
better chance to be realistic.

Full unscaled and scaled force constant matrixes can be
provided upon request.
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