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The Raman spectrum has been measured for thymine isolated in an Ar matrix using an FTRA instrument
with infrared excitation at 1.064m, thereby avoiding complications due to resonance Raman and fluorescence
effects. This spectrum is used, together with the newly measured infrared spectrum, to establish the assignment
of the vibrational spectra of isolated thymine. The assignment is assisted by DFT calculations made at the
B3LYP/6-31G(d,p) level of theory, using GAUSSIAN 98W. The calculated spectra, including the Raman
spectrum, are in surprisingly good agreement with the experimental spectra. The discrepancies that are observed
for some parts of the spectrum result primarily from the failure of the harmonic approximation made in the
calculation. The effect of the neglect of anharmonicity has been investigated by determining a set of effective
force constants that reproduce the experimental frequencies and intensity patterns in the infrared and Raman
spectra and by examining how the predicted spectra (intensities, frequencies, potential energy distributions
(PEDSs), infrared intensity distributions (IDs), and Raman intensity distributions (RIDs)) change. The final
results provide an unambiguous assignment of the vibrational spectra for thymine isolated in an Ar matrix
and illustrate that the concepts of PEDs, IDs, and RIDs are useful for the interpretation of the vibrational
spectra of molecules the size of the pyrimidine bases. Comparison of the Raman spectrum of thymine isolated
in the Ar matrix with that of a polycrystalline sample indicates that they are quite similar, in marked contrast

to the differences in the corresponding infrared spectra.

Introduction temperatures to achieve vapor pressures high enough to be able

to observe the weaker spectral features.
Infrared (IR) and Raman (RA) spectroscopy are powerful . . .
tools for the study of force fields and conformations of nucleic _ Puring the past decade, IR spectra of nucleic-acid bases

acids and their components. However, the correlation between(including thymine, as well as many modified analogues)
structure, force fields, and vibrational spectra is by no means iSolated in an argon matrix have been investigétedand the

straightforward for molecules as large as the pyrimidine and references therein). This is not.the case for their Raman spectra.
purine bases. In principle, this correlation may be found by TO our knowledge, this work is only the second study of the
combining a reliable quantum-mechanical calculation of the RA spectrum of a matrix-isolated nucleic-acid base, after the
vibrational spectra with experimental studies of these spectra, Pioneering work on uracil in 1984 by Barnes efalowever,
but relating the calculated spectrum to the experimental spectrummany studies have been made of the RA spectra of nucleic-
involves many problems because of the anharmonic nature ofacid bases in solution or in solid state, and the results have been

the latter (anharmonicity corrections and Fermi resonance, toused in the elucidation of the structure and conformation of
name just two). nucleic acids. The RA spectra of these solids (or solutions) were

To use the calculated vibrational spectra as a source ofinterpreted using results from quantum-mechanical calculations
information concerning the structure and force field of the Made for an isolated molecule. In the particular case of solid
nucleic-acid bases, it is essential to test the calculation by thymine, we cite the three most recent reports from the
comparing the calculated with the experimental spectrum of the laboratories of Tsubdt’ Peticolas; and Berthief, which also
molecule under the same condition. If the calculation is for the refer to the history of such study.
molecule in vacuo, the experimental spectrum should also be In this report, we shall present and analyze the Fourier
measured foisolatedmolecules. At present, such experimental transform RA (FTRA) spectrum (nonresonance) of thymine
spectra can be obtained relatively easily by trapping moleculesisolated in an argon matrix and compare this spectrum with the
in an inert solid argon environment, in which they have IR (FTIR) spectrum of isolated thymine. Although the IR
properties very similar to those in the vagéiThe experimental ~ spectrum of matrix-isolated thymine has been thoroughly studied
spectrum of such isolated molecules may be obtained over abeforel®12 we have at least two reasons for reexamining this
wide spectral region because there is no interfering IR and RA spectrum here: (1) we have used a more sensitive FTIR
absorption from the argon matrix. The matrix isolation technique spectrometer, which allowed the study of very dilute matrices,
for pyrimidine or purine bases also avoids the complications providing much better-resolved spectra with very little aggrega-
arising from the decomposition of the sample during spectro- tion; and (2) it is important to compare all of the details of
scopic studies of the vapor phase, which require quite elevatedboth IR and RA spectra for matrix-isolated thymine plotted and
analyzed together to obtain as much information for their
T Part of the special issue “Marilyn Jacox Festschrift". interpretation as possible.
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density functional theory (DFT) calculation using the B3LYP equipped with the Raman station (FRA 106). The cryostat was
functional with a standard 6-31G(d,p) basis set. It is expected similar to that used for the IR studies. Good quality RA spectra
that the agreement between the calculated and experimentabf matrix isolated thymine are much more difficult to obtain
vibrational spectra from this calculation should be much better than are the corresponding IR spectra. To achieve better control
than were obtainable with earlier computational techniques (HF of focusing the light on the matrix sample, a precisely controlled
or even MP2) using the limited basis sets that are required in stage was built to move the entire cryostat in the incident beam.
practical computations for such large molecuflds. addition The argor+ thymine vapor mixture was deposited on a solid
to the routine calculation of optimized structures, vibrational aluminum block held in the coldfinger of the cryostat.

frequencies, and IR and RA intensities, we have also calculated  The excitation of the RA spectrum in the Bruker-FRaman
the potential energy distributions (PEDs) and IR and RA instrument was by the near-infrared line at 1.4 (or 9398.5
intensity distributions (IDs and RIDs) using programs written cm-2) from a 3 W cwNd:YAG laser (CVI Laser Co.). The
in our laboratory. light was focused onto the sample with the aid of a small mirror,
The main goals of the present work are: (1) To present and and the backscattered light was collected. About 2000 scans at
interpret the RA spectrum of matrix-isolated thymine. (2) To a resolution of 4 cm! were needed to ensure a high signal-to-
verify (or modify) existing assignments of the vibrational noise ratio. The matrix was prepared in a manner similar to
spectrum of isolated thymine, which were based only on the that used for the preparation of the matrix for the IR study.
IR spectrum. (3) To obtain an experimentally verified, complete Deposition times from 6 to 10 h were needed to obtain matrix
force field and set of intensity parameters for the isolated films thick enough to give a reasonable Raman scattering signal.
thymine molecule. (4) To compare the RA and IR spectra of  agter recording the RA spectrum with the Bruker, it was
isolated thymine with those of solid thymine, in order 10 transferred to the PC for data processing, including three
establish a bridge between this work and previous studies made;orrections. First, the correction for the sensitivity of the
in the solid or in solution. spectrometer was introduced by multiplying the RA scattering
In a forthcoming publication we shall examine in detail the sjgnal by the instrumental response curve, according to the
effects of hydrogen-bonding on the vibrational spectra and procedure described by Hendra, Jones, and Wafn@he

structure of thymine. instrumental response curve is relatively flat for Raman shifts
between 3400 cmt and 150 cm?, with a dramatic decrease of
Methods the response for shifts greater than 3400 tand smaller than

120 cnt?, so reliable measurements of the spectra could be
made only within this limit. Second, the scattering signal was
corrected for the*/Aw, factor11” The intensity of spontaneous
Raman scattering increases witlt/Aw,. Here, v is the
frequency of the scattered light € vexc — Awyip, Wherevexcis

the exciting light frequency= 9398.5 cnl); Awp is the
Iobserved Raman shift and is the frequency of the vibrational
transition. Hence, the RA scattering signal was multiplied by a
correction factor ofAvyp/v4, in addition to the correction
described above for the sensitivity. The result of these two

A. Experimental Procedures.A description of the experi-
mental setup and details of the experimental procedure for the
IR and RA studies has been given previolishiere, we shall
present a brief summary of the most necessary information.

Infrared Spectroscopic StudieBhe experimental IR spectra
of matrix-isolated thymine were obtained using a Nicolet Model
740 Fourier transform infrared (FTIR) spectrometer, at a spectral
resolution of 1 cm?, with 200-500 scans. The high sensitivity
and signal-to-noise ratio for this spectrometer allow the use of

thin matrix samples, which we find to be much more uniform . . .
than those of thicker deposits. The spectrum recorded by thecorrections gave a_5|g_nal that could be mtegrated_over eac_h band
0 obtain the relative integrated band areas, which are directly

spectrometer was transferred to a PC for further data processin . ¥ . ;
roportional to the calculated “Raman scattering strengths” (the

(e.g., to remove the interference fringes, to integrate the bands b .
and decompose overlapping bands, and to plot the spectra) b)yalues of po/0Q]J?) so that comparison between calculated and

the GRAMS? and SPECTRACAL®? programs. The resulting experimental relative values can be made. Third, the Raman
spectra are shown in the figures ' scattering spectrum, corrected as described above, was adjusted

: further to obtain a horizontal baseline using the GRAMS or
A closed-cycle helium cryostat (Model DE-202 from APD 14
Cryogenics, Inc.) cooled the sample holder to approximately SPECTRACALC program§?“These programs were also used

12 K. The cryostat chamber was evacuated to a pressure of aboutto decompose overlapping bands, integrate areas of the bands,

1077 Torr. Thymine (from Sigma Chemical Co.) was purified and plot the fmal spec’Fra. )
by vacuum sublimation during the process of forming the matrix 1€ resulting experimental RA spectra are shown in the
sample. Polycrystalline thymine, in a small wire-wrapped glass figures.
tube placed inside the cryostat, was heated to sublimation at B. Theoretical Procedures Calculated Vibrational Spectra.
about 100°C. This temperature is much lower than the The optimized structure and vibrational spectra were calculated
decomposition point (335337 °C).15 A gaseous mixture of ~ using GAUSSIAN 98We on a PC (Dell Dimension XPS T450
high-purity argon (introduced through a needle valve) and with Pentium Il processor). The DFT B3LYP/6-31G(d,p)
thymine vapor was deposited onto the cold Csl window. The calculationd® 2! were made first to optimize the structure and
concentration of thymine in the mixture was controlled by obtain the vibrational frequencies and IR intensities (integrated
adjusting the temperature of the heater and the flow rate of the molar-absorption coefficients), and then they were continued
argon. The resulting matrix is dilute enough that no significant to obtain the RA scattering strength of each band and, thus, the
absorption due to self-associated molecules was observed, andcalculated RA spectrum”. The Cartesian force constants from
it was thick enough to measure the absorption from very weak the output of this calculation, together with the dipole moment
bands of monomeric thymine. The time needed to deposit and polarizability derivatives in Cartesian coordinates, were then
matrices under these conditions was abou64. transformed to their values expressed in internal and normal
Raman Spectroscopic Studidhe experimental study of the ~ coordinates, as described below.
RA spectra of matrix-isolated molecules was performed using Transformation from Cartesian to Internal and Normal
a Bruker Fourier transform spectrometer (IFS Model 66) Coordinates To describe the calculated normal vibrations in
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terms of the internal (or symmetry) coordinates (i.e., the bond program to plot a simulated spectrum from the calculated data
stretches Ar) or changes in bond angleAd)) familiar to the converted to an ASCA file by the ANIMOL prograf These
spectroscopist, it is necessary to transform the results given byspectra show each band with a Lorentzian shape, peaking at
GAUSSIAN 98W in Cartesian coordinates to the corresponding the calculated frequency, with its band height set equal to the
results expressed in terms of the internal coordinates. Thisvalue of the calculated IR intensity or RA scattering strength
transformation was done using programs written in our labora- and with a constant width at half of the maximum intensity
tory.?2 The transformations of force constants and dipole chosen to be 2 cni for both IR and RA spectra.
moment (or polarizability) derivatives are well-known and have  The experimental values of the integrated IR intensities given
been thoroughly4d|scussgd{ for example, by Califérmd in in the tables are adjusted to be comparable with the calculated
papers by Mills** The definitions of the internal coordinates  apqqiute integrated molar-absorption coefficients. The adjust-
abbrt_ewated in the tables and the_ numberl_ng of the atoms N ant was made by multiplying the experimental integrated
thymine are the same as those given previously for thy?_nme absorbance for each band in the experimental spectrum by a
The most important reason to make this transformation to constant factor which brings the value of the integrated
the internal coordinates is that the values of force constants andahsorbance of one arbitrarily chosen experimental band (taken
intensity parameters expressed in Cartesian coordinates depenglere to be the sum of the two=€D stretches responsible for
on the orientation of the molecule with respect to the arbitrarily the absorption from 1800 to 1700 c#) into agreement with
chosen Cartesian coordinate axes and, hence, are not transferablge calculated intensity sum of these bands. The physical
from one molecule to the other. This is not the case for the meaning of this factor is that it is the reciprocal of the product
internal coordinates and the properties expressed using themg the concentration of the sample in the matrix by its path length
The_ bo_nd force constants and_dlpole moment (or polarizability) (neither of which may be determined precisely but both are
derivatives expressed in the internal coordinates have a more.qgnstant over the entire spectrum of a given sample). Hence
obvious physical significance than is hidden in the atomic niplication of the measured integrated absorbance for a band
properties expressed in Cartesian coordinates. The usual deby this factor gives the experimental value of its absolute
scription of normal modes of vibration is given in terms of the  jyianqity (A the absolute integrated molar absorption coefficient,

internal coordinates by the Potential Energy Distributions j, \m mol-3) by the Beer-Lambert law. These “experimental”
23-25 ; ; bt '

.(PEDS)’ Wh'Ch give the percentage contribution from each values of the intensities of all bands are shown in the tables

internal coordinate to the potential energy of the normal (later)

coordinate under consideration. The PEDs supplement the® _ ~ W . » .
description of the normal mode as simply being a set of atomic Similarly, the valugs Of_ the “experimental” RA scattering
displacements, as given in the GAUSSIAN programs, becauseStrer_‘gth_S (RASSy) given n the tables were de_termlned by
the PEDs show explicitly how much of the toghergyof the mult[plylng each of the integrated RA scatteflng s'trengths
obtained from the corrected Raman scattering signal, as

vsnormal mode £ = Vinax = 1/2hwg) comes from each internal ! !
coordinate. described above, by the constant factor needed to bring the
experimental integrated RA intensity of the RA band at 1683

The PEDs for each normal mode of thymine are listed inthe 7" . .
. . . - .. _ cm~tinto agreement with the RA scattering strength (RASS
tables, which also summarize the frequencies, IR 'ntenSIt'es'calculated for the “C5C6 stretching” normal mode. This

nd RA rin rength Icul h A IAN . .
and scattering strengths calculated by the GAUSS | constant factor is related to the product of the concentration of

program. It should be noted that, with a few exceptions, smal the thymi dth | tth trix illuminated by th
PED contributions have been omitted in these tables. For this 'g?lt ymin€ an € volume of the matrix fiuminated Dy the

reason, the PEDs shown in these tables for a given internal !
coordinate do not always sum over all normal coordinates to  The simulated calculated spectra are compared with the
100%, nor do all the PEDs for a given normal coordinate sum €xperimental spectra for thymine isolated in an Ar matrix in
to 100%, because of the rounding error associated with this the figures shown later in this paper. The experimental RA
truncation of PEDs to show only values greater than 10%.  spectra shown have been corrected for the instrument sensitivity
Using the coordinate transformatids and the values of ~ @nd by thev*/Awyip, factor to give the experimental RASS, as
the dipole derivatives expressed in the internal coordinates, it d€scribed above. Therefore, they are approximately comparable
is possible to define the IR intensity distribution (ID) and, using t© the calculated RA scattering strengths (Rgg8otted as a
the polarizability derivatives, the Raman intensity distribution function of the RA shift Awi) to give the “calculated RA
(RID) for each normal mode. These quantities are analogousSPectra” shown in the figures. The corresponding numerical data
to the PED in that they give the contribution made by each are presented later in the tables.
internal coordinate to the total IR intensity, or total RA scattering ~ Scaling the Force Constants from the Theoretical Calculation.
strength, of each normal mode. The concept of IDs was Although the general agreement between the B3LYP/6-31G-
discussed by Qian and Krim#f.Our program?% calculate the (d,p) vibrational spectra and the experimental spectra is remark-
exact IDs and RIDs. The values are listed in the tables for eachable, a closer examination shows some discrepancy. Some of
normal mode of thymine. The IDs (in km md) and RIDs (in the discrepancy may be due to errors that might be correctable
A4 amul) are defined to be thabsolutecontributions to the in a better calculation, but the most important reason is that the
intensity, and are not normalized to 100%, as are the PEDs.calculation is made under the harmonic approximation, and so,
Instead, the sum of exact IDs (or RIDs) for a given normal mode the calculated frequencies will be different from the correspond-
is the value of the calculated IR intensity (or RA scattering ing experimental frequencies, which are not harmonic. One of
strength), if it were not for the rounding error due to the the most convincing demonstrations of this, presented by
truncation in the tables, as discussed below. Murphy et al.28 compared the MP2/6-31G* calculated spectra
Comparison of Calculated and Experimental Specifa. with the experimental spectra for trimethylamine and the
compare the calculated and experimental spectra, it is useful todeuterated derivatives. For thymine, we notice that the differ-
present the calculated data in a graphical form that is comparableences are largest for the NH- and CH-stretching region of the
to the experimental spectrum. We have used the GRAMS spectrum, in agreement with the knowledge that anharmonic
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corrections for these normal modes are much larger than are
those for other vibration&-3! RA calc. unsc.
To account for the anharmonicity of the experimental
frequencies and normal modes, and also for some error in the
calculation, we shall change the values of the calculated force
constants to values estimated for the “effective anharmonic force Lu W
constants”. The concept of using “effective force constants” to E—

predict experimental spectra, instead of “harmonic force con- ]
stants”, to predict the harmonic frequencies has been used RA exp.n Ar
implicitly (and explicitly) in almost every normal coordinate

analysis that has ever been made. For thymine, the stretching

of the terminal X-H and C=0 bonds of the ring is expected

to be quite anharmonic. The magnitudes of the anharmonic

corrections (2xw¢) for some of these motions can be estimated

from studies of other systeR¥s32 and even more approximately IR exp. in Ar
from values listed by Herzbet for diatomic molecules
containing similar bonds.
The study by Murphs provides reliable estimates for the
anharmonicity corrections for all normal modes of the methyl

group, including the HCH bending coordinates (scissors bends,

umbrella bends, and rocking modes). The stretching modes have

anharmonicity frequency corrections of about £2@0 cnt? IR calc. unsc.
(~4—5%), and the bending modes also have an appreciable

anharmonicity correction40 cnt! or ~3%, except for rocking

modes for which it is~20 cnt or 2%). We expect anharmo-

nicity corrections of about 5% of the frequency for NH and

CO stretching motion somewhat less for in-plane bending
of the NH bonds, and considerably less for most of the
remaining modes of thymine. . . . .

To estimate _the yalues of the “effective force constants” f(_)r ::r:gtl;lr: rle g%?]n}fggsgggé ttr;e fggeé'r:]eor}t?wgmgni :g}gtggai:‘eg :%ctra,
the anharmonic dlspl_acements, we calculated the ef_fectlve matrix at about 12 K, with the unscaled spectra from the B3LYP/6-
frequency,ver, according toves = ve — 2Xewe. A diatomic 31G(d,p) calculation. The vertical scale is linear in absorbance for
molecule approximation is then used to estimate an effective experimental infrared spectra, in intensity for the calculated IR spectrum,
force constantkes;, from the calculated value of the diagonal and in RASS for the experimental and calculated RA spectra, as
force constantl, for the corresponding symmetry coordinate, described in the text. The numerical values are given in the tables.
by ket = ke x (veri/vc)2 This effective force constant then
replaces the calculated diagonajn) force constant for thigth The following sections provide a description of the spectra
symmetry coordinate. The five “scaling factors” multiplying the in each spectral region and the analysis relating the experimental
calculated force constants that were adjusted for thymine were:bands to the different vibrational modes of thymine expected
(1) 0.902 for the N1H and N3H stretching force constants; (2) in that region.

0.911 for the C6H stretch and the 3 CH stretches of the methyl The NH, CH, CO, and CC stretching region (3706-1600
group; (3) 0.916 for the C20 and C40 stretches; (4) 0.946 for cm2). The experimental and calculated IR and RA frequencies
the C5C6 stretch; and (5) 0.950 for the N1H, N3H, and C6H and intensities for the six NH and CH normal modes of
bending force constants and the 3 methyl bends (umbrella, in-vibration, together with the two-€0 stretching modes and the
plane scissors, and out-of-plane scissors). All of the other C5=C6 stretching mode in this region are listed in Table 1 and
diagonal and_off-diagon_al force constants from the calculation the spectra are plotted in Figures 2 and 3. The left side of this
were used without scaling. table lists under “unscaled calculation” the results from the
B3LYP/6-31G(d,p) calculation at the harmonic approximation
for the frequencyy., and the IR and RA activities, Land
RASS, together with the calculated PEDs, IDs, and RIDs,
obtained as described above. On the right side of the table the
corresponding values calculated from the set of “scaled force
constants” described in the previous section are given in
italicized type. The experimental frequencies,, total relative
integrated infrared intensities ¢4 and total relative integrated
Raman scattering strengths, RARSfor each band, measured
as described above, are shown in boldfaced type on the right
side of Table 1, under the calculated scaled values.

T T T 7 T T T
3500 3000 2500 2000 1500 1000 500
Wavenumber (1/cm)

Results and Discussion

A comparison of the patterns of the experimental IR and RA
survey spectra, with the corresponding calculated unscaled
spectra, is shown for the full spectral range of this study in
Figure 1. The general observations are as follows: (1) the IR
and RA spectra from the B3LYP/6-31G(d,p) calculation have
spectral patterns of frequencies and intensities that are very
similar to those observed experimentally; and (2) the intensity
distribution in the RA spectrum is very different from that in
the IR spectrum, both in the calculated and experimental spectra.
In the RA spectrum, most of the scattering strength appears in

the region of the CH stretching modes (32900 cnr?), NH and CH Stretching Vibrations (376@800 cn?). The
whereas the most intense absorption in the infrared spectrum isassignment of the experimental bands to the calculated normal
in the region of the carbonyl stretching modes (1:8Q@00 modes is almost obvious. The highest frequency experimental

cmY). There are many examples in Figure 1 of bands that bands observed in the IR spectrum (3479 and 3432'care
absorb weakly in the IR spectrum but scatter strongly in the assigned to the N1H- and N3H-stretches, respectively. (Note
RA spectrum, and vice versa. that in the RA studies, these frequencies fall outside the region
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TABLE 1: Comparison of the Calculated and Scaled Frequenciesy. and vscqeqin cm™1, Calculated IR Intensities, A in km
Mol -1, and Raman Scattering Strengths, RASSIin A4 Amu~?, with the Corresponding Experimental Values (in bold) in the
3500-1650 cn1! Region for Thymine in an Ar Matrix "

Unscaled calculation Scaled calculation
Assign (PED) Vscaled A RASS Assign (PED)
Qs Ve A RASS [ID]{RID}f Vexp Aexp RASS.o [ID]{RID}f
1 3659 97 105 N1H s (1066) [89] {109 3475 97 106 N1H s (1066) [89] {109
3479(IR) 130 [
2 3619 63 81 N3H s (109) [59] {84} 3437 63 81 N3H s (100) [59] { 84}
3432(IR) 110 c
3 3214 6 91 C6H s (1008) [5] {99 3067 7 91 C6H s (99) [5] {99}
3078(RA) 74
4 3133 15 66 aMeCH s (1@ [14] {70} 2989 15 65 aMeCH s (100) [14] {70}
2997(RA) 42
2992(IR) 7
5 3109 12 87 oMeCH s (100) [12] {87} 2967 12 86 oMeCH s (109 [12] { 87}
2969 13 55
6 3050 22 167 sMeCH s (189 [23] {165 2910 22 167 sMeCH s (169 [22] {165
2939 20 162
7 1842 643 9 C20 s (73) [455]{22 1774 686 7 C20 s (69) [462] {19}
C2N3 s (5-) [76] {—4} 1767 617 1 C2N3 s (6-) [83] {—4}
N1C2 s (4-) [81]{—3} N1C2 s (5-) [84] {—3}
8 1791 488 30 C40 s (79 [338] {38} 1722 498 35 C40 s (70) [329] {39}
N3C4 s (2-) [52] {—5} 1711 493 46 N3C4 s (2-) [61] {—6}
9 1715 44 32 C5C6 s (62 [41] {42 1673 14 27 C5C6 s (57) [23] {34}
C6H be(12-) [-6] {—1} 1668 66 32de C6H be (1+) [—3] {0}
N1C6 s (6-) [23]{—2} C40 s (8-)[—16]{—6}
C40s (3) [-171{—4} N1C6 s (7) [11] {—2}

a For discussion of the scaling factors for the force constants, se€ {#R). or (RA) next to the frequency indicates that the band is observed
only in the IR or RA spectrunfNot possible to measure; the instrumental sensitivity is too small in this retjidre total relative intensity for
all of the subbands observed for this mode (see Figure 2 and t&ference for the relative RASS values. See texll. of the values for PEDs,
IDs, and RIDs truncated at the 10% level, except for selected normal nfoesthese selected modes, all PEDs, IDs, and RIDs greater than 1
are shown. The total sum of PEDs is shown equal to 100% (within rounding error); the sum of IDs is efyuahtbthe sum of RIDs is equal to
RASS, also within the rounding error§.The experimental values for the IR intensif, and Raman scattering strengtRASS., arerelative
values, as discussed in the text. The assignment of the experimental spectrum is made using this comparison and lists here the calculates! contributio
to the potential energy, PED in percent, to the infrared intensity, ID in kntahd to the Raman scattering strength, RID frefnut, from each
internal coordinate for each normal mode.

of sensitivity of our instrument.) The experimental ratio of of Table 1 and shown in Figure 2 are very close to the
integratedinfrared intensities A1(N1H)/Ax(N3H) = 1.48) for experimental spectra.
these bands is very close to the calculated ratio (1.53), despite  CO and CC Stretches (196600 cn?). The values of the

the qualitative appearance of the intensitgximain Figure 2. experimental and calculated frequencies and intensities for the
The difference between the experimental and calculated NH- CO and CC stretching modes are also listed in Table 1, and the
stretching frequencies is about 180 Tmonly 20-40 cnt? spectra are shown in Figure 3. The assignment of the experi-
higher than the anharmonicity correction of the NH-stretch mental bands in this region is less straightforward because there
measured for pyrrole (about 140 cH),32 for HN3 (about 156~ are many more bands in the experimental spectrum than
161 cm1),30 and for N+ (about 148 cm?).2° expected from the three normal modes predicted by the

The CH-stretching modes show very intense RA scattering, calculation. Such highly structured IR spectra are commonly
but their IR absorption is barely observable. Consequently, the observed for matrix-isolated pyrimidines in this region, and have
assignment given in Table 1 for these modes is made mostly been reported previously in the IR spectrum of matrix-isolated
on the basis of the comparison of the relative experimental RA thymine and uracil§-510-12:3435 The structure is generally
scattering strengths with the calculation. The experimental bandbelieved to result from the Fermi resonance between a funda-
at 3078 cnt! was assigned to the C6H-stretching mode. The mental carbonyl stretching vibration and combination bands
doublet at 2987 and 2997 crhis assigned to the asymmetric  involving the lower frequency modes. We agree with this
in-plane CH-stretching vibration of the Glgroup. This doublet interpretation and propose some possible combination bands in
results from Fermi resonance between the unperturbed funda-the caption of Figure 3 that may appear in Fermi resonance
mental and a combination band (e.g., 1220°€m 1767 cnt? with the G=0 stretching modes.
= 2987 cn1l). The experimental band at 2969 chis assigned The intense band at 1767 cfin the experimental IR
to the out-of-plane asymmetric CH stretching mode of thg CH spectrum, together with the two weaker bands at 1751 and 1745
group. Finally, the strongest RA scattering in the experimental cm™2, are all believed to derive their intensity from the=€Q
spectrum, at 2939 cm, together with the weaker band at 2899 stretching mode. The corresponding bands from this normal
cm~! (Fermi resonance with 1472 cn1l) is assigned to the ~ mode in the experimental RA spectrum appear at 1767 and 1748
symmetric CH-stretching mode of the methyl group. For all CH cm! (1751 and 1745 cri bands overlapped at the lower
stretching vibrations discussed above, the difference betweenresolution of the RA spectrum). The bands at 172411 cni?
the calculated harmonic and the experimental frequencies is onin both the experimental IR and the experimental RA spectra
the order of the expected anharmonic correctfoit The spectra are assigned to the &D stretching vibration and its Fermi
calculated after scaling the stretching force constants by justresonance components.
the two scaling factors applicable to this region (0.902kgr Finally, the intense RA band observed at 1668 &ffwith a
and 0.911 fokcy, as described above) given on the right side shoulder at about 1683 ¢ and the two very weak IR bands
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Figure 2. Comparison of the experimental Raman and infrared spectra Figure 3. The same comparison of experimental and calculated spectra
in the NH and CH stretching region (376@700 cnt?), of thymine described in the caption for Figure 2, except this figure shows the
isolated in an Ar matrix at about 12 K, with the unscaled, and with the double-bond stretching spectral region (18a®00 cn1?). Combina-
scaled (described in the text), spectra from the B3LYP/6-31G(d,p) tions of lower frequency modes (in c®) that might be involved in
calculation. The vertical scale is described in the caption for Figure 1. Fermi resonance with the fundamentals in this region include: (959
cmt + 799 cmt = 1758 cnTl); (1472 cm! + 282 cmit = 1754
cmY); (1183 et + 540 cnrt = 1723 cntl); (1405 cnt + 282

at 1668 and 1683 cnt (Fermi-resonance doublet) are assigned emL = 1687 cm): (1220 cm? + 455 e = 1675 oY),

to the C5=C6 stretching mode. The calculated frequencies of
the C2=0 and C4=0 stretching modes are both higher than
the experimental frequencies, by about 80 ¢mand this
difference for the C5C6 stretch is about 40 cr. All of these
differences are on the order of the expected anharmonicity
corrections®?

CH-bending, NH-bending, and Ring modes (16061300
cm™1). The experimental IR and RA spectra are compared with
the calculated spectra in Table 2 and plotted in Figure 5. The
B3LYP/6-31G(d,p)-calculated unscaled IR and RA spectra are
shown at the bottom and top of Figure 5, respectively. Although
She unscaled calculated frequencies of bands in this region are

normal modes and calculated spectrum on the right side of TablenOt very different from thqse n t.he experimental spectra, the
1, compared to the unscaled spectrum on the left side. Thespectral_pat.terns are strikingly different.
different scale factors used for the €66 and GO force Examination of Table 2 shows that seven normal modes are
constants have some effect on the mixing of these symmetryeXpeCted in this region, With principal contributions to PEDs
coordinates in the normal modes and, thus, some effect on their"™om the HCH umbrella and in-plane and out-of-plane scissors
relative intensities. Some indication of the magnitude of this Pending coordinates of the methyl group and the N1H and N3H
effect for these quantities is shown in Table 1. in-plane bending, ring stretching, and C6H in-plane bending
Even though the predominant contribution (about-80%) cgordlnates of thymlne. The seven internal coordinates mix to
to the potential energy of the normal modes comes from the 91V€ rather complicated normal modes, as can pe seen from the
C2=0 (or C4=0 or C5=C6) stretching coordinates in the PEDs for the “unscaled calculation” on the left side of Table 2.
respective normal modes (see the PEDs in Table 1), the The intensity pattern from this unscaled B3LYP/6-31G(d,p)
calculated displacements of the atoms in these normal modescalculation has three strong IR bands at 1510, 1499, and 1426
show sizable movements of the hydrogen atoms attached at thecm™ %, whereas only two are observed experimentally at 1472
N1 and N3 positions as bending of theNdl and N3-H bonds. and 1405 cm®. It seems that the unscaled force constants
A similar observation was made by Aida efalhese displace-  calculated for the methyl group bending coordinates, and also
ments appear to be “reflex motions” of the light hydrogen atom, for the NH and C6H in-plane bending coordinates, are too high
as a result of the motion of the heavy carbon and nitrogen atoms,relative to the force constants calculated for the ring stretching
as shown in Figure 4. Their involvement in “C20 and C40 internal coordinates. As discussed previously, it appears that it
stretching normal modes” probably does account for the is necessary to scale the force constants for the CH and NH
strikingly different spectral pattern in this carbonyl region for in-plane bends by 0.95 to account, primarily, for the expected
the N1,N3-dideuterated thymine (see ref 10). anharmonicity corrections in these coordinates. The resulting

has a very small effect on the PEDs, IDs, and RIDs of the
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@ scattering observed in solid thymine at 1368 ¢mattributed
to the C6H bending mode and offered an explanation based on
@ }) their calculations. We note that a very strong band is also
O @ @ observed near this frequency (at 1357 éjin the RA spectrum
\@ of matrix-isolated thymine. The assignment of this band from
O] @ ®\ the “unscaled calculation”, given in terms of the PED contribu-
-0 tions, is “38% C6H be, 15% N3H be, and 11% C5C6 s”, or the
slightly different description from the “scaled calculation”.
We may examine the relative importance of the contributions
from each symmetry coordinate to the IR or RA intensities using
é) the IDs (for IR intensity) and RIDs (for RA intensity). The
@ e results are presented in Table 2 for the normal mode assigned
o) @? @O\ to this strong RA bandg, for both the “unscaled” and “scaled”
calculations. Ignoring for the moment the small differences
@ between the scaled and unscaled calculations, we shall use the
o (®» O
o]

v(calc uns)=1842 cm’’; v(exp)=1767 cm’

results from the unscaled calculation to illustrate the use of the
RIDs to explain the source of the large RASS for this band.
These RIDs show that the total calculated RASS, of 25 A
amu, results from several contributions. The RASS is so high
because the ring-stretching coordinates combine to give a motion
that expands the ring, which contribute50% of the total

@ o intensity and is in-phase with that from the C6H bending (about
O ©)

v(calc uns)=1791 cm’; v(exp)=1711 cm’

25%) and also with a number of other smaller contributions,
including C40 stretching. The coordinates that contribute
\O @ @@ relatively strongly to the RASS do not contribute very much to
the potential energy of the normal mode. For example, the C5C6
B stretching motion contributes 40% of the RASS but only 11%
v(calc uns)=1715 cm™; v(exp)=1668 cm™ of the potential energy. In contrast to the RA activity, all of the
Figure 4. Atomic displacements calculated (B3LYP/6-31G(d,p)) for contributions to the IR intensity (the IDs) are very small for
the “C2=0, C4=0, and C5=C6-stretching” normal modes. The atomic  this mode.
_displacements were plotted using the ANIMOL progréras described Ring Stretching and Bending Modes, In-Plane and Out-
in the text. of-Plane Bending Modes (1306100 cnt). The IR and RA
“scaled |R" SPectra below 1300 cm are shown in Table 3 and plotted in
f Figures 6 and 7. We see in Table 3 that 23 fundamental modes
are expected in this region. They arise from several different

As can be seen in Table 2 and Figure 5, the calculated IR types of internal coordinates (or “local modes”). Comparison

and RA spectra using the scaled force constants are noticeablypf the IR and RA spectra in this region provides very helpful

in better agreement with the experimental spectra. The degreeconfirmation of the identification of the fundamental modes in

of mixing of the internal coordinates in the normal modes the experimental spectrum. For example, the abs_orption in the
depends very much on the relative values of the force constants,IR spectrum by the bands at 1220. and at 601"tim almost .
as can be seen from the PEDs from the “scaled force constant"undeteaable’ but both have relatively strong RA scattering
calculation shown on the right side of Table 2. The assignment strengths.
of the experimental spectrum in Table 2 has been based on the 1he close agreement of the spectra from the “unscaled
“scaled force constant” calculation of the IR and RA spectra in c@lculation” (B3LYP/9-31G(d,p) with no scaling) with the
this region, which seems to us to be more consistent with the €xPerimental IR and RA spectra in this region seen in Figure 6
characteristic frequencies of methyl group vibrations (compare, Makes the assignment relatively routine. This assignment of the
for example, with Murphy et @9). The main discrepancy  €XPerimental spectra is given in Table 3.
between the experimental and scaled (or unscaled) calculated Some small differences in frequencies in this region from
RA spectra appears to be the overestimation in the calculation“unscaled” calculations and experiment might result from mixing
of the RA scattering strength for most of the bending modes of of NH and CH bending and CO stretching internal coordinates
the methyl group. (with larger anharmonicity, as described above) in several of
The assignment of the band in the IR and RA spectra at 1510the normal modes in this low-frequency region. These differ-
cm ! needs some discussion. This band is quite weak in the IR ences (approximately-120 cnt) do not lead to any uncertainty

frequency and intensity patterns are shown as the
and “scaled RA” spectra in Figure 5 and on the right side o
Table 2.

spectrum and has been assigned in previous sfddiesan in the assignment. As has been observed for the other regions
overtone. We interpret this band as an overtomgs @ x 754 of the spectrum, several absorption bands are observed in the
cm 1 = 1508 cnrl) or combinationy17 + v (1220 cn! + IR spectrum (for example, at 1315, 1297, 1197, and 1190tm

282 cnt! = 1502 cnTl). However, its relatively high RASS is  that are not matched by corresponding RA shifts. These bands
surprising and suggests its possible coupling with the band can be assigned to combination and overtone bands, ex., 2
observed at 1472 cm. (2 x 662 cnTl = 1324 CITTl), V26 + V30 (754 cntl 4+ 545

It is also of some interest to investigate the contributions to ¢M™* = 1299 cnTt), v2g + v30 (662 cnr* + 545 cmt = 1209
the IR and RA intensities of each of these seven normal modescm™), and 29 (2 x 601 cn! = 1202 cmt), respectively.
from each internal coordinate by examining the IDs and RIDs  Examination of the Intensities of Selected Bandbe
in Table 2 to discover how they change when the force constantsexamination of the reasons for the high RASS of the 1357cm
are scaled. Aida et &lpointed out the remarkably strong Raman band given in the previous section has suggested to us the value
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TABLE 2: Comparison of Calculated and Experimental Spectra of Thymine in an Ar Matrix in the 1600—1250 cnt! Regior?

Unscaled calculation

Scaled calculation

Assign (PED) Vscaled Ac RASS Assign (PED)
Qs Ve Ac RASS [ID] {RID}! Ve Aexp RASS.p [ID]{RID}
10 1510 50 23 Me sci (59) [10] {12} 1469 12 12 Me sci (72) [-5] {11
N1C6s (9-) [21] {—1} 1455 7 4
C20s (2+) [-14]{3}
N1C2 s (&) [10] {1}
C40 be (&) [10] {1}
11 1499 64 10 N1H be (28) [18] {1} 1487 114 20 N1C6 s (19 [46] {—2}
Me sci (27) [-5] {3} N1H be (17) [21] {3}
N1C6 s (12+) [32] {0} 1472 118 16 Me sci (13-) [7] {4}
N1C2 s (%) [24] {0} C4C5 s (16) [5] {2}
C20 s (F)[—29]{3} Ridef3(8)[—17] {6}
Ri def 3 (5+) [—-10]{3} N1C2 s (#)[33] {2}
N3C4 s (3+) [12] {0} C20 s (#)[—38]{7}
C40 be (2-) [15] {1} N3C4 s (5-) [18] {—5}
C40 be (3-) [30] {3}
12 1483 6 18 o Me sci (92) [7] {14} 1449 6 18 o Me sci (9t) [7] {14}
1431 17 7
13 1435 2 16 Me umb(98) [—-1] {18} 1397 4 18 Me umb (94) [1] {19}
1388 7 5
14 1426 90 3 N1H be(18) [-18] {1} 1412 72 2 N1H be (28) [—21] {1}
C2N3s (18-) [—3] {3} C2N3s (18) [—1] {1}
C4C5s (13-) [14] {0} 1405 72 1 C20 be (12+) [39] {0}
C20 be (9+) [38] {—1} C4C5 s () [10] {0}
C40 be (8-) [38] {—2} C40 be (7) [30] {—1}
N1C2 s (6-) [24] {0} N1C2 s (6-) [20] {1}
C20 s (4t) [14]1 {2} C20 s (6+) [14] {1}
Ri def 3 (3+) [—11]{—2}
C40s (3-) [—10]{0}
15 1400 13 2 N3H be (58) [2] {0} 1370 4 5 N3H be (39) [0] {0}
C6H be (11) [0] {0} 1367 2 3 C6H be (2+) [0] {1}
C20 be (#) [10] {1}
169 1379 8 25 C6H be (38) [0] {7} 1352 4 24 C6H be (26) [0] {6}
N3H be (15-) [0] {1} 1357 6 31 N3H be (24-) [0] {2}

C5C6s (1+) [-4] {11}
C2N3's (8r) [0] {—4}
N1C2s (6-) [6] {4}
N1H be (4-) [3] {0}
Me sci (3+) [1] {2}
C4C5s (3-) [-3]1{0}
C5Me be (3-) 2] {—1}
Mero (3—-) [0] {—1}
N3C4s (2-) [-1]{3}
C40 be () [2] {0}
C20 s (&) [2] {0}
C5Me s (&) [0] {O}

Ri def 2 (1+) [0] {1}
C40s (1) [-1]{2}
C20 be (0-) [41 {1}
Total (101) [7]{26}

C5C6s(9-)[—2]{10}
C2N3 s (8-)[0] {—3}
N1H be (7) [2] {0}
N3C4 s (6-) [—1] {4}
N1C2s (4)[4] {3}
C4C5s (4-) [—2] {0}
Me sci (3+) [1] {2}
Me ro(2-) [0] {—1}
C5Me be (2-) [-1] {—1}
C20s (2H) [2] {—1}
C40s () [-1]{3}
C40 be (6-) [1] {0}
C20 be (6-) [1] {1}
Total (98) [4]{25}

a For discussion of the scaling factors for the force constants, se€ {#R). or (RA) next to the frequency indicates that the band is observed
only in the IR or RA spectrunfNot possible to measure; the instrumental sensitivity is too small in this retjidre total relative intensity for
all of the subbands observed for this mode (see Figure 2 and t&ference for the relative RASS values. See texll. of the values for PEDs,
IDs, and RIDs truncated at the 10% level, except for selected normal nfoesthese selected modes, all PEDs, IDs, and RIDs greater than 1
are shown. The total sum of PEDs is shown equal to 100% (within rounding error); the sum of IDs is efyuahtbthe sum of RIDs is equal to
RASS, also within the rounding error§.The experimental values for the IR intensift, and Raman scattering strengtRASS., arerelative
values, as discussed in the text. The assignment of the experimental spectrum is made using this comparison and lists here the calculates! contributio
to the potential energy, PED in percent, to the infrared intensity, ID in kntahd to the Raman scattering strength, RID frefnu, from each
internal coordinate for each normal mode.

of similar discussion of some of the stronger bands in the The reason for the very high IR intensity ofs, observed at
experimental IR and RA spectra in this region. In particular, 1183 cn1?, is revealed in the IDs of the expanded description
consider the bands observed at 1183, 763, 754, 662, and 545or this mode given in the right side of Table 3. The intensity
cmtin the IR spectrum and the strong RA band observed at (112 km moit) comes primarily from in-phase ring stretches
727 cnrl, Except for the carbonyl stretching modes, the band with contributions from C6H and N3H bends canceling each
(v1g) at 1183 cm? is the strongest band in the IR spectrum of other but with a small contribution from the C20 bend. The
thymine isolated in the Ar matrix. The band at 727 ¢nis intensity is so high because these motions occur in-phase, so
very weak in the IR spectrum but is the strongest band observedthat the largest contributions to the IR intensity add together.
in this region of the experimental RA spectrum. Table 3 gives Now let us examine the relatively strong pair of bands
the expanded (1% level) PED, ID, and RID descriptions of these observed in the IR spectrum at 763 and 754 tnThere has

six normal modes. been some controversy over their assignment, but it is clear
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Figure 5. The comparison is similar to that described in the caption
for Figure 2, but is in the spectral region from 1600 to 1320tm

from the PEDs in Table 3 that the band at 763 éris mostly
the out-of-plane C40 wagging mode, and that at 754dnas
its main contribution from the out-of-plane wag of C20.

The IR intensity (20 km mott) calculated for the 763 cm
band is explained by major contributions from the out-of-plane
C40 wag and the out-of-plane N3H wag, with a smaller
contribution from the out-of-plane ring deformation 3, partly
canceled by a large negative contribution from the out-of-plane
ring deformation 1. Similarly, the IR intensity (52 km md)
of the 754 cm! band is explained by a major contribution from
the out-of-plane C20 wag, adding in phase to the large NH
wagging contributions, canceled by the large negative (out-of-
phase) contributions by the out-of-plane ring deformations 1
and 3.

Each infrared ID in these modes is very large, and the
relatively small total intensity is the result of their cancellation

in the normal mode because of the phase differences. The

Szczepaniak et al.

RIDs from internal coordinates with small PEDs are often
important in determining the RA scattering strength.

These examples illustrate the use of calculated PEDs, IDs,
and RIDs in the interpretation of the vibrational spectra of
matrix-isolated thymine. The values given in the Tables may
be used for detailed interpretation of other normal modes but
need not be discussed further here.

The Low-Frequency RegioBelow 450 cnt! (Figure 7), the
sensitivity of our IR spectrometer is too small for measurements,
and the experimental RA spectra alone provide information
about the lower frequency vibrational spectrum. Even there, the
sensitivity of our Raman spectrometer is too small to measure
significant scattering for Raman shifts below 125¢m

The assignment of the experimental bands at 307 and 282
cm! to the normal modes calculated at 300 and 278cis
obvious. However, only one band is observed in the experi-
mental RA spectrum at 391 crh (although with a weaker
shoulder at 407 cri), whereas the unscaled calculation predicts
two bands, a stronger band at 397 dprelated mainly to the
out-of-plane ring deformation 1 and 3 and a weaker band
calculated at 387 cri, corresponding to the in-plane C20 and
C40 bending mode. It is possible that force constants for in-
plane and out-of-plane coordinates should be scaled slightly
differently, which might reverse the order of the calculated
frequencies.

The RA scattering by the two bands reported experimentally
at 155 and 139 cr is very weak, and hardly distinguishable
from the noise level; hence, their assignment as fundamentals
in Table 3 is very uncertain. We assigned these two bands to
the modes calculated at similar frequencies associated with the
out-of-plane ring deformations 1, 2, and 3 and to the methyl
torsion, respectively. We believe that the assignment by
Aamouche et al. of the low-frequency spectrum of solid
thymine may provide the best guide to the assignment also for
the isolated thymine of this study (see the next section).

Comparison of the IR and RA Spectra of Thymine
Isolated in an Ar Matrix with those of the Polycrystalline
Solid. Although the main subject of this study has been to
measure and interpret the experimental vibrational spectra of
isolated thymine, we believe that it is useful to show how these
spectra compare with the spectra of solid thymine studied with
the same instruments. This is particularly important for the RA
spectra because the previous studies of these spectra have been
made experimentally for solids or solutions, but the interpreta-
tion has been based on quantum-mechanical calculations made
for the isolated molecule. Figure 8 presents such a comparison
of IR and RA spectra for matrix-isolated thymine with those

infrared 1D analysis shows very clearly that the prediction of fora poI_ycr)./stalllne_ solid sample. _
accurate force constants is essential to show exactly the Examination of Figure 8 reveals that the pattern in the RA

cancellation of the opposing contributions to the intensity.
For the strong RA mode at 727 cf the largest value in
the PED description in Table 3 is for the C4CS5 stretch, with a
considerably smaller PEDs from the methyl group stretching
against the C5 atom and from in-plane distortion of the ring
(Ri def 3). Other ring-stretching coordinates make minor

spectrum of polycrystalline thymine is, in general, strongly
similar to that for the thymine isolated in the Ar matrix, except
for the region of the double-bond stretches (180600 cnt?).

This observation is in sharp contrast with the comparison of IR
spectra for the two systems. The explanation for this difference
between the effect of the hydrogen-bonding interaction in the

contributions to the potential energy. In contrast, we see that solid on RA and IR spectra is probably related to the fact that

the explanation for the calculated value of the RASS is a
dominant contribution from the in-phase ring stretching coor-
dinates, which collectively describe a “ring-breathing” motion,
with additional minor contributions from C5Me and C40

the contributions to RA scattering strength from the internal

coordinates, which are strongly affected by hydrogen bonding
(e.g., NH stretching and bending coordinates), are very small,
and possibly decreased because of interaction. The internal

stretches that are partly canceled by a small contribution from coordinates that do have large contributions to the RA scattering

Ri def 3. The high RASS is found because most contributions

strength (e.g., CH stretches and bends, and ring modes) are not

add in-phase. This mode is another example showing that Ramarstrongly affected by hydrogen bonding.
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TABLE 3: Comparison of Calculated and Experimental Spectra in the 1256-100 cn ! Region of Thymine in an Ar Matrix "

Unscaled calculation Unscaled calculation

Ve Ac RASS Assign (PED) Ve Ac RASS Assign (PED)
Qs Ve®®  Aexp  RASSyp [ID]{RID}{RID}f Qs Vexp® Aexp  RASS,p [ID]{RID}{RID}f
17 1236 16 2 C5Me s (341) [0] {1} 27 N1C2s (6-) [2] {2}
1220 4 6 N1C6 s (19-) [22] {—1} C5C6s (6-) [—1]1{3}
Ridef1 (12+) [1] {1} N1C6 s (4-) [-1] {0}
N1C2 s (9+) [10]{2} C2N3s (3-)[0] {1}
C2N3s (9-) [-11]{—1} C20 be (2-) [-2] {0}
18 1201 112 0 C6H be (20) [8] { —1} C40 s (2) [—1] {1}
1183 124 1 N1H be (18t+) [1] {0} N3H be (1) [0] {0}
N1C6 s (18-) [39] {0} C40 be (+) [2] {0}
C2N3s (16-) [35] {0} Total (100) [3]{13}
N3C4 s (12+) [35] { O} 289 686 83 3 o N3H wag (86) [85] { 3}
N3H be (6-) [-8] {0} 662 70 0 o Ridef 1 (19) [23] {1}
C5Me s (3-) [1] {0} o N1H wag (+) [3] {0}
C4C5s () [—-8] {0} 0 C20 wag (6-) [—14]1{0}
C20 be (2-) [11] {0} 0 C6H wag (1+) [2] {0}
Me ro (1+) [1] {0} 0 C40 wag €1+) [-4] {0}
Total (98) [115{ —1} o Ridef2 1+) [1] {0}
19 1159 6 2 N3C4 s (3%) [4] {2} o Ridef3 4—) [—-11]{0}
1139 7 3 N1C6 s (13-) [—4] {0} Total (99) [85]{ 4}
Me ro (10+) [0] {1} 29 606 1 5 C20 be (27) [-2]{2}
20 1071 2 0 o Mero (8%) [1] {1} 601 1 7 C40 be (23-) [3] {0}
1046 1 1 o0 C5Me wag (1%) [0] {0} C5Me be (14) [—1] {1}
21 1026 2 5 Me ro (52) [1] {3} Ridef2 (12-) [0] {1}
1004 4 3 Ridef1 (16-) [0] {1} 30 563 63 2 o N1H wag (9%) [75] {2}
22 966 10 4 N1C2s (27) [11]{2} 545(IR) 52 o N3H wag (4+) [-17]{0}
959 10 3 Me ro (13+) [1] {1} 551(RA) 3 0 C40 wag (3) [7] {0}
C2N3s (12-) [4] {1} o Ridef2 (2-) [0] {0}
23 910 14 4 0 C6H wag (160) [16] {4} Total (100) [65]{ 2}
889 20 1 o Ridef 3 5—) [—10]{0} 31 545 7 4 Ri def 3 (3®) [2] {2}
24 805 4 6 Ri def 1 (4%) [0] {2} 540 8 3 Ri def 2 (24+) [2] {0}
799 10 5 C5Me s (19-) [0] { —1} C40 be (12) [-3] {1}
N1C2s (12) [—4]1{2} 32 460 18 4 Ri def 2(48) [5] {2}
25 767 20 2 0 C40 wag (80) [26]{ —1} 455 10 4 Ridef 3 (30-) [2] {2}
763 25 2 o C5Me wag (&) [2] {1} 33 397 19 2 o Ri def 3 (5%) [24] {2}
o N3H wag (#) [21] {0} 391(RA) 2 o Ridefl (26-) [-15]{1}
o Ridef1 (6-) [-33]{0} 0 C40 wag (12) [—6] {0}
o Mero (3-) [1] {0} o N1H wag (9+) [21] {1}
o Ridef3(3-)[7] {0} 34 387 20 1 C20 be (37) [10] {1}
0 C6H wag (0-) [—4]1{0} 407(RA) c C40 be (27) [9] {1}
oRidef2 7-)[2] {1} N3C4 s (16-) [-1] {0}
Total (100) [22]{ 1} 35 300 0 0 o0 C5Me wag (79-) [q0}
269 749 52 0 0 C20 wag (103)[ 68]{ 0} 307(RA) c 0.6 o Ridef 1 (18-) [0} O}
754 30 0 o N3H wag (9+) [38] { O} 36 278 3 0 C5Me be (72-) [X]0}
o N1H wag (2+) [28] {0} 282(RA) c 0.5 C40 be (16-) [2] {0}
o Ridef 1 5+) [-47] {0} 37 154 1 0 o Ridef1 (47-) [Z0}
o Ridef 3 6—) [—32]{0} 155(RA) c 0.1 o Ridef 2 (38+) [0] {0}
Total (101) [55]{ 0} o Ridef 3 (14+) [2] {0}
27 737 4 13 C4C5 s (39) [2] {4} 38 139 0 0 Me tor (84-) [0 O}
727 5 12 C5Me s (15-) [0] {1} 139(RA) c 0.1
Ridef3(13-) [2] {—1} 39 111 0 0 o Ri def 2 (54) [0] {0}

N3C4 s (7) [0] {2}

c

C

c

o Ri def 3 (43-) [0{ O}

a For discussion of the scaling factors for the force constants, se€ (). or (RA) next to the frequency indicates that the band is observed
only in the IR or RA spectrunfNot possible to measure; the instrumental sensitivity is too small in this retjidre total relative intensity for
all of the subbands observed for this mode (see Figure 2 and t&ference for the relative RASS values. See texll. of the values for PEDs,
IDs, and RIDs truncated at the 10% level, except for selected normal nfogesthese selected modes, all PEDs, IDs, and RIDs greater than 1
are shown. The total sum of PEDs is shown equal to 100% (within rounding error); the sum of IDs is efyuahtbthe sum of RIDs is equal to
RASS, also within the rounding error§.The experimental values for the IR intensif, and Raman scattering strengtRASS., arerelative
values, as discussed in the text. The assignment of the experimental spectrum is made using this comparison and lists here the calculates! contributio
to the potential energy, PED in percent, to the infrared intensity, ID in kntahd to the Raman scattering strength, RID frefnu, from each
internal coordinate for each normal mode.

In contrast, the internal coordinates that are strongly affected Concluding Remarks
by the hydrogen bonding have large contributions to the infrared
intensity. Thus, the infrared spectrum of the solid thymine is ~ Probably the most important conclusion from this study is
very different from that for the isolated molecules. The effect its strong reinforcement of the old adage that it is useful to
of hydrogen bonding on the IR and RA spectra of thymine and measure experimentallyoth IR and RA spectra before trying
other nucleic-acid bases will be the subject of further theoretical to make a definitive assignment of the vibrational spectrum of
and experimental study in forthcoming publications. a molecule, especially one that is as complex as thymine. We
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Figure 6. Comparison of the experimental Raman and infrared spectra 15%¢
in the 1326-400 cnt* spectral region, of thymine isolated in an Ar ) ) ) )
matrix at about 12 K, with the unscaled spectra from the B3LYP/6- Figure 8. Comparison of the experimental Raman and infrared spectra

31G(d,p) calculation. The vertical scale is described in Figure 1. in the entire spectral region of thymine isolated in an Ar matrix at
about 12 K with those for polycrystalline thymine. The vertical scale

is described in the caption for Figure 1. The IR spectra were measured
RA calc. unsc. on solid thymine at room temperature in a KBr pellet; Raman spectra
were measured for a solid sample placed in a small cavity in the
aluminum block.

Wavenumber (1/cm)

397

387

139

E4

=3
8 R

a o

111

Having said this, we must go on to point out that our
assignment here is not basically different from that by Nowak
et al.#1%11which was made without the benefit of the Raman
spectrum. We believe that our results confirm their results rather
strongly, primarily by the observation in the Raman spectrum
of strong bands confirming the reality of corresponding weak
absorption features in the IR spectrum that had been assigned
as fundamentals. We think that the assignment of the vibrational
spectra of isolated thymine is now essentially complete. The
assignment of the spectra for solid thymine, which has been

. | | | the subject of so much work in the past, may be aided by this
400 300 200 100 . . .
Wavenumber (1/cm) work, but the intermolecular forces in the solid have a profound
effect on the appearance of IR spectrum, such that cor-
100 cnt? region of the experimental Raman spectrum of thymine respondence between_bands observed i_n the SO“Q and those
isolated in the Ar matrix at 12 K, with the unscaled spectrum from the observed here for the isolated mo!ecule IS not ObV'OL_JS' Here,
B3LYP/6-31G(d,p) calculation. we simply want to offer two tentative conclusions: First, the
IR spectrum is more sensitive to hydrogen bonding and is the
preferred technique for study of this interaction. Second, the
have seen, above, several examples of modes with nearly zerRA spectrum is relatively insensitive to hydrogen bonding, so
activity in the IR spectrum but relatively strong activity in the the RA spectrum of the solid can be successfully interpreted
RA, and vice versa. Although it may sometimes be possible to using calculations made for isolated molecules. We expect to
make an assignment of the entire vibrational spectrum anyway, make this subject the goal of our next study.
especially with the help of a very good quantum-mechanical  Finally, we conclude that the DFT calculation of vibrational
calculation and a very well-developed chemical intuition, spectra atthe B3LYP/6-31G(d,p) level appears to be very good,
experimental data from both IR and RA spectra allow an indeed. On the basis of our experience with calculations of
assignment to be made with much greater confidence in its vibrational spectra for a variety of molecules, we can only say
validity. that this very high level of agreement is a pleasant contrast with

RA exp.in Ar

o
@©
b

IR cale. unsc.

Figure 7. Continuation of the comparison in Figure 6 to the 400
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results from scaled HF/6-31G(d,p) calculations (or even those

from MP2/6-3H-G(d,p) calculations), which we have used
previously. We believe that there are still some errors in the
predicted values of harmonic frequencies (on the order&%

in frequency, suggesting something on the order-66% for

force constants). It is probable that similar errors are presentin
the predicted intensity parameters (dipole derivatives and

polarizability derivatives), leading to somewhat larger errors in
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