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mented STO-3G basis set is used but the these respective barriers 
are higher by 1.60 and 3.51 kcal/mol when the requisite augu-
mented DH basis set is used. 

A direct comparison of the calculated values of the corre­
sponding heights in the isologues dimethyl diselenide and dimethyl 
disulfide might not be warranted for calculations based on the 
augumented or nonaugumented STO-3G basis sets inasmuch as 
the levels of refinement used for the bases of the Se and S atoms 
are quite different; futhermore, the set of functions used for the 
Se atom, namely, a primitive [12s,8p,2d] set contracted into a 
[6s,4p,2d] set, is much more extensive than the minimal basis set 
comprised of only three Gaussian functions that is used for the 
S atom. On the other hand, fairly extensive sets are used for both 
the Se and S atoms when the augmented DH set is used, and so 
a comparison of corresponding barrier heights might well be 
justified in this case. 

We conclude that it is possible to calculate reasonable values 
of both cis and trans barriers in dichalcogen compounds, but it 
is difficult to decide on the basis of these calculations whether 
corresponding barrier heights are higher in the diselenide isologue 
or in the disulfide isologue19. 

Recently, it has been shown that it is possible to predict with 
considerable accuracy the infrared absorption spectra of small 
molecules.1"3 These predictions are made by using normal co­
ordinate analyses based on force constants and intensity parameters 
transferred from related molecules or from ab initio quantum 
mechanical calculations. Comparisons between the experimental 
spectra and the predicted spectra for these molecules have shown 
that the predictions of absolute intensities can be expected to be 
in agreement with the experimental spectra within a "factor of 
two".4 While it may seem that the typical "factor-of-two" 
agreement that we expect between the predicted and experimental 
intensities may be too poor to be of any value, this magnitude of 
agreement is sufficient to be very useful to the experimental 
spectroscopist.4 It is important to realize that when the predicted 
spectral patterns (within a factor of two, or even three) are 
compared with an experimental spectrum (for example, see ref-
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(19) Infrared and Raman spectroscopic data (ref 19a-c) and thermody­
namic data (ref 19d) on dimethyl disulfide and dimethyl diselenide have been 
published. Although these data do contain information on barrier heights 
about the dichalcogen bridge, careful comparative studies of these two iso­
logues have not, to our knowledge, been reported, and so it is not possible at 
present to decide on the basis of experimental studies whether corresponding 
barrier heights are higher in the disulfide or in the diselenide compound, (a) 
Scott, D. W.; Finke, H. L.; Gross, M. E.; Guthrie, G. B.; Huffman, H. M. 
J. Am. Chem. Soc. 1950, 72, 2424-2430. (b) Crowder, G. A.; Scott, D. W. 
J. MoI. Spectrosc. 1965, 16, 122-129. (c) Green, W. H.; Harvey, A. B. J. 
Chem. Phys. 1968, 49, 3586-3595. (d) Hubbard, W. N.; Douslin, D. R.; 
McCullough, J. P.; Scott, D. W.; Todd, S. S.; Messerly, J. F.; Hossenlopp, 
I. A.; George, A.; Waddington, G. /. Am. Chem. Soc. 1958, 80, 3547-3554. 

erence 4 or Figure 2 of this paper) the usual agreement is close 
enough to be "very good" and "quantitative" enough to be useful 
in several applications. For one thing, predictions of this type for 
species (such as isolated uracil molecules) which are difficult to 
obtain in a bottle5 are expected to be of considerable importance 
in the interpretation of experimental studies of these species in 

(1) For example, see: (a) S. Chin and W. B. Person, J. Phys. Chem. 1984, 
88, 553. (b) B. A. Zilles and W. B. Person, J. Chem. Phys., 79, 65 (1983). 
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(1976). (b) C. E. Blom, and C. Altona, Ibid., 31, 1337 (1976). (c) C. E. 
Blom, L. P. Otto, and C. Altona, Ibid., 32, 1137 (1976). 

(3) (a) J. D. Rogers, Ph.D. Dissertation, University of Florida, 1980. (b) 
B. A. Zilles, Ph.D. Dissertation, University of Florida, 1980. (c) R. G. A. 
Maia, Ph.D. Dissertation, University of Florida, 1980. (d) S. Chin, Ph.D. 
Dissertation, University of Florida, 1984. 

(4) (a) W. B. Person, "Vibrational-Rotational Spectrometry for Planetary 
Atmospheres", Vol. I, M. J. Mumma, K. Fox, and J. Hornstein, Eds., NASA 
Conference Publication 2223, pp 89-123. (b) W. B. Person and J. D. Rogers, 
"Analytiktreffen", 1980 Schwingungs-Spektroskopie-Theorie und Anwen-
dungen, pp 262-300. 

(5) J. Overend, Appl. Spectrosc, 37, No. 1 (1983). 
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Abstract: The dipole moment derivatives (or atomic polar tensors (APTs)) for the atoms in uracil have been calculated in 
an ab initio quantum mechanical calculation, using the GAUSSIAN 76 program with 4-3IG basis functions. The frequencies 
and normal coordinate transformation matrices have been calculated from the force constants obtained from the ab initio quantum 
mechanical calculations by Nishimura et al. These are combined with our calculated APTs to predict absolute intensities 
and to give a prediction from ab initio calculations of the entire infrared spectrum for the in-plane modes of the isolated uracil 
molecule. This predicted spectrum is in excellent agreement with the experimental spectrum (from Szczesniak et al.) of uracil 
isolated in a matrix. This result indicates that it is possible at present to make good quantitative predictions that are very 
useful in assignment and interpretation of vibrational spectra even for molecules that are as complicated as uracil. Comparisons 
are given between experimental and predicted spectra for matrix isolated uracil and for TV^A^-dideuteriouracil, and the predicted 
spectra are also tabulated for C5,C6-dideuterated, N11N31C5,C6-perdeuterated, C5-deuterated, C6-deuterated, Ni-deuterated, 
and N3-deuterated uracils. The calculated APTs are also tabulated for use in future predictions of intensities of other nucleic 
acid constituents by transfering APTs. 
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the form in which they are found in nature. In order to understand 
the effects of intermolecular interactions on the spectrum of a 
molecule such as uracil, it is important first to understand the 
spectrum of the isolated molecule. 

The quality of these predictions (factor of two) is such that they 
can be a considerable help in verifying experimental assignments 
of large (>12 atoms) molecules. In fact, one of the most difficult 
problems in vibrational spectroscopy is an assignment of the 
fundamental modes for a molecule with 12 or more atoms and 
little symmetry. Assignments are usually made by use of the 
concept of characteristic group frequencies, by the vibration-
rotation structure of gas-phase spectra, by comparison of Raman 
and infrared spectra with use of appropriate selection rules, by 
comparison of spectra of isotopically substituted molecules, by 
studies of polarized spectra of molecules in the crystalline phase, 
and by other spectroscopic tricks. However, molecules with 10-12 
atoms or so are often not readily studied in the gas phase, and 
many of the other spectroscopic tricks also become more difficult 
to apply or to interpret with so many vibrational degrees of 
freedom. Hence, for molecules of this size it is often exceedingly 
difficult to make a unique vibrational assignment. This is true 
even in the case where theoretical predictions of the absorption 
frequencies are available. The large number of vibrational degrees 
of freedom and the general complexity of the spectrum still make 
it extremely difficult to assign it correctly. In such cases a reliable 
estimate (in this case even a "factor of two") of the infrared 
intensities can help greatly in reaching the correct assignment. 
For instance, if two fundamental modes are expected to be close 
in frequency, but one is expected to be very strong while the other 
is expected to be very weak, it will not usually be possible to decide 
on a correct assignment, based only on predicted frequencies. 
However, if the predicted intensities were also known (even within 
a "factor of two") the correct assignment of these two bands would 
probably be obvious. Uracil (C4H4O2N2) is a good example of 
a relatively large (12 atoms) molecule with a definitely complex 
spectrum that has not been unambiguously assigned, even with 
the available quantum mechanical predictions6-8 of the frequencies 
for its infrared spectrum. 

At the same time, uracil is a typical example of a molecule that 
represents an extreme challenge to those who would attempt to 
calculate vibrational spectra. With its 12 atoms and 58 electrons, 
it is at the outer limit of the size that is currently feasible for ab 
initio calculations of its vibrational spectrum (both frequencies 
and intensities), particularly of its infrared spectrum.9 Uracil 
has 3./V - 6 = 30 vibrational modes, and its low symmetry (C5) 
assures that all 30 modes are both infrared and Raman active and 
that there are no degenerate modes. It is this complexity that 
makes for the difficulty in assignment and which also makes it 
such a challenge for ab initio calculations. Finally, the importance 
of the uracil molecule as a nucleic acid constituent makes the 
thorough understanding of the vibrational spectrum of the isolated 
molecule doubly challenging. 

There have been some previous attempts to make quantum 
mechanical calculations of the in-plane vibrational frequencies 
of uracil.6-8 Only one of these7 attempted to predict the intensities 
as well as the frequencies of the infrared absorption by the fun­
damental modes. The ab initio calculation by Nishimura, Tsuboi, 
Kato, and Morokuma6 was perhaps the most complete of these 
earlier studies, particularly in its comparison with earlier ex­
perimental work. Their ab initio calculations were with an 
STO-3G baisis set to predict frequencies that could be scaled to 
predictions at the 4-3IG level; the final predicted frequencies could 
be scaled again (by multiplying by a factor of 0.9) to agree quite 

(6) Y. Nishimura, M. Tsuboi, S. Kato, and K. Morokuma, J. Am. Chem. 
Soc, 103, 1354 (1981). 

(7) L. Harsanyi and P. Csaszar, Acta CUm. Acad. Sci. Hung. 113, 257 
(1983). 

(8) H. Shibata, T. J. Zielinski, and R. Rein, Int. J. Quantum Chem. 18, 
323 (1980). 

(9) For example, an ab initio calculation of the infrared spectrum of the 
12-atom benzene molecule has been made recently by Pulay et al.: P. Pulay, 
G. Fogarasi, and J. E. Boggs, J. Chem. Phys., 74, 3999 (1981). 

well with observed spectra.10 The CNDO/2 calculation by 
Csaszar and Harsanyi7 attempted also to predict the infrared 
intensities of all the modes for uracil. Both of these calculations 
were helpful, and both were used to reach an assignment of a new 
study of the infrared spectrum of the matrix isolated uracil 
molecule (and one of its deuterated derivatives) reported by 
Szczesniak et al.10 

However, our previous experience with the prediction of vi­
brational intensities by CNDO/2 calculations11 has led us to expect 
that they will not be very quantitative. Thus it is no surprise that 
the intensities calculated for uracil in the CNDO/2 calculation 
differ considerably from the experimentally observed relative 
intensities and are certainly not within the factor-of-two agreement 
that we would expect when ab initio techniques with a 4-3IG bais 
set are used. Szczesniak et al.10 had tried to consider these in­
tensities from the CNDO/2 calculation in assigning the spectrum 
of uracil, but it was obvious that the predicted intensities were 
not quantitatively correct. For instance, that calculation7 predicts 
the C-H stretching modes to be more intense than the N-H 
stretching modes. Experimentally, the latter are observed to be 
at least an order of magnitude greater in intensity than the C-H 
stretches. In addition, the observed spectrum10 in the 2000-
1000-cm-1 region is very complex, with many bands very close 
in energy to each other. The correct assignment of all of these 
bands is very difficult, even though the quantum mechanical 
predictions of the frequencies may be fairly accurate and the 
spectrum of the deuterated derivatives is known. We believe that 
quantum mechanical calculations of the infrared intensities for 
the parent molecule and its deuterated derivatives made using a 
4-3IG basis set are reliable enough to be of very considerable help 
in the assignment of this spectrum. 

We have calculated the integrated infrared intensities for the 
in-plane vibrations of the uracil molecule and for seven of its 
deuterated derivatives by using ab initio methods, with a 4-3IG 
basis set. The predicted intensities for the parent molecule, uracil, 
are in very good quantitative agreement with the experimentally 
observed relative intensities for the matrix isolated molecule. As 
expected, these predicted intensities for uracil and its deuterated 
derivatives are an extremely valuable tool in making the proper 
assignments for these complex molecules. 

The atomic polar tensors (APTs) for the uracil molecule have 
also been calculated and are reported here. These tensors are 
expected to be valuable for the prediction of the intensities for 
other related bases as constituents of nucleic acids. 

Calculations 
The intensities were calculated with the GAUSSIAN 76 system12 

of ab initio programs with a 4-3IG basis set.13 The integral 
threshold was set at 1.0 X 1O-6 and the convergence limit at 5.0 
X 10-5, their standard values in the GAUSSIAN 76 program. The 
calculational procedure has been described fully elsehwere;1-4,14 

suffice it to say here that the dipole derivatives were calculated 
by the method of finite differences, instead of by a gradient 
technique.15,16 The displacements of 0.01 A were made in a 
mass-weighted Cartesian coordinate system as described previ­
ously. la'3d The density matrix obtained from the ab initio cal­
culation of the wave function at the equilibrium configuration was 
used as the initial guess for that matrix in the calculations for the 

(10) M. Szczesniak, M. J. Nowak, H. Rostkowska, K. Szczepaniak, W. 
B. Person, and D. Shugar, J. Am. Chem. Soc, 105, 5969 (1983); paper 1 in 
this scries 

(11) (a) R. E. Bruns and W. B. Person, J. Chem. Phys., 58, 2585 (1973); 
(b) W. B. Person and D. Steele, MoI. Spectrosc, 2, 357 (1974). 

(12) W. J. Hehre, M. D. Newton, J. S. Binkley, R. A. Whiteside, P. C. 
Hariharan, R. Seeger, and J. A. Pople, "Gaussian 76-An Ab Initio Molecular 
Orbital Program," Quantum Chemistry Program Exchange, Indiana Univ­
ersity, Bloomington, IN, Program No. 391. 

(13) R. Ditchfield, W. J. Hehre, and J. A. Pople, / . Chem. Phys., 51, 724 
(1974). 

(14) L. A. Curtiss and J. A. Pople, / . MoI. Spectrosc. 48, 413 (1973). 
(15) (a) P. Pulay, MoI. Phys., 17, 197 (1969). (b) P. Pulay, "Modern 

Theoretical Chemistry", H. F. Schaefer, III, Ed., Plenum Press, New York, 
1977, Chapter 4. 

(16) A. Kormornicki and J. W. Mclver, Jr., J. Chem. Phys., 70, 2014 
(1979). 
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Figure 1. Geometrical parameters, atom numbering scheme, and orien­
tation of the principal Cartesian coordinate system for uracil, as used in 
these calculations. 

displaced geometries. Both positive and negative displacements 
about the equilibrium geometry were calculated. The approximate 
dipole derivatives calculated for these two displacements were than 
averaged to obtain the best numerical value the derivative eval­
uated at the equilibrium position. These calculated dipole moment 
derivatives in the symmetry adopted mass weighted Cartesian 
coordinates were then transformed to APTs and to the predicted 
values for the intensities as described in detail elsewhere.la,3d 

The equilibrium geometry used in these calculations was a 
slightly modified version of that calculated for the STO-3G op­
timized geometry.6 The C-H and N-H bond lengths were de­
creased slightly to bring them into better agreement with the 
experimentally determined bond lengths. That geometry and the 
numbering of the atoms used in these calculations are given in 
Figure 1. In addition, Figure 1 gives the orientation of the 
principal Cartesian axes for this geometry, used in the calculation 
of the APTs of uracil. The STO-3G scaled to 4-3IG constants6 

and the internal coordinate definitions given by Nishimura et al.6 

were used to calculate the normal coordinates for the 21 in-plane 
normal modes. The frequencies that we calculated in this way 
agreed with their predictions6 within 3%. The slight discrepancies 
between their predicted frequencies and ours are due to the slight 
differences in the kinetic energy matrix (G)'7 arising from the 
small differences in our assumed geometries. These predicted 
frequencies are still higher than the experimental values, but they 
can be scaled further by the empirical factor of 0.90 to agree quite 
well with the observed spectrum of uracil isolated in Ar or N2 

matrices.10 

The frequencies and intensities were also calculated for seven 
deuterated species of uracil: N1(N3-deuterated, C5,C6-di-
deuterated, Ni,N3,C5,C6-perdeuterated, C5-deuterated, C6-deu-
terated, N^deuterated, and N3-deuterated uracil. In all seven 
cases, the force constants and APTs were the same as calculated 
for the ordinary nondeuterated uracil molecule. The normal 
coordinate calculation was carried out for each deuterated species, 
changing the kinetic energy matrix accordingly. The resulting 
normal coordinates for the deuterated species were then used in 
conjunction with the APTs from uracil to calculate the intensities 
for the deuterated homologues. 

Results 
The calculated intensities and scaled wavenumbers are com­

pared with experimental values10 for uracil in Table I and the 

(17) (a) S. Califano, "Vibrational States", John Wiley and Sons, New 
York, 1976. (b) E. B. Wilson, J. C. Decius, and P. C. Cross, "Molecular 
Vibrations", McGraw-Hill Book Co., New York, 1955. 

Table I. Calculated Wavenumbers v and Absolute Intensities A 
for the 21 In-Plane Modes of Uracil Compared with the 
Experimental Frequencies and Relative Intensities for an Argon 
Matrix 

calcd values exptl values" 
v, A, km v, rel 

mode assignment" cm"' mol"1 cm"' intensity4 

"l 
V1 

"3 

"4 

V-, 

"6 

"7 

"8 

V9 

"10 

"11 

VU 

"13 

"14 

"IS 

"16 

"17 

"1« 

"19 

"20 

"21 

N1H str 
N3H str 
C5H str 
C6H str 
C2=O str 
N3H bend 
NiH bend 

C4=O str 
N3H bend 
C5H bend 
C6H bend 
C5=C6 str 
C4O str 
NiH bend 
N3H bend 
NjH bend 
C2O str 
N3H bend 
N J H bend 
C6H bend 
NiH bend 
N3H bend 
C6H bend 
ring str 
C5H bend 
NiH bend 
C5C6 str 
C6H bend 
ring str 
ring str 
C6H bend 
ring def 
ring def 
ring breath 
ring breath 
C2O bend 
C4O bend 
C4O bend 
ring def 
C2O bend 
C4O bend 

3479 
3454 
3070 
3031 
1775 

1760 

1671 

1483 

1406 

1390 

1382 

1254 

1175 

1066 

995 
933 
739 
564 
535 

512 

374 

70 
98 
11 
9 

912 

555 

2 

91 

22 

108 

3.8 

17 

43 

28 

9 
1 
5 

11 
6 

31 

25 

3482 
3433 
3130 
2970 
1774 \ 
1762 X 
1758 ( 
1733.' 

1720 \ 
1707 >c 
1699/ 
1644 

1473 

1461 

1401 

1389 

1219 

1186 

1076 

963 
958 
719 
557 
537 

516 

393 

166 
100 

4 
8 

680' 

291 

33 

83 

7 

56 

21 

4 

109 

14 

2 
7 

12 
17 
7 

23 

33 

"From ref 10. The assignment here is based on the visual computer 
display of normal modes, as described in the text. 'These intensities 
are the values of the integrated absorbances relative to V1 having an 
intensity of 100 units. Since the calculated intensity for v2 is 98 
km/mol, the relative intensities compare directly with the calculated 
values. 'These bands are due to the two fundamental modes expected 
here in Fermi resonance with one or more combination bands (see 
ref 10). d Relative intensities given here for the carbonyl region are 
different from those reported in ref 10, where an error in the scale 
factor was made. The change was made here after consultation with 
the authors of ref 10. 

corresponding comparison in Table II for N[N3-dideuterated 
uracil. All of the wavenumbers listed there were calculated by 
using the scaled force constants from Nishimura et al.6 and then 
scaled further by multiplying those calculated values by a constant 
factor of 0.90, as described above. 

The assignments of the normal modes in Tables I and II were 
made by using the normal coordinate transformations we calcu­
lated with the force field of Nishimura et al.6 These normal modes 
were plotted and displayed on a high resolution graphics screen 
with use of a program written18 for the CP/M operating system 
S-100 Godbout Compupro 8085-8088 minicomputer in our lab-

(18) Unpublished work by S. Chin. 
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Table II. Calculated Wavenumbers v and Absolute Intensities A for In-Plane Vibrations of A^.A^-Dideuteriouracil Compared with the 
Experimental Frequencies and Relative Intensities for an Argon Matrix 

mode 

"i 

"2 

"3 

"4 

"5 

"6 

"7 

Vt 
V9 

"10 

"11 

"12 

"13 

"14 

"15 

"16 

"17 

"18 

"19 

"20 

"21 

assignment" 

N1D str 
N3D str 
C5H str 
C6H str 
C2=O str 
C5=O str 
(in phase) 
C5=C6 str 

C4=O str 
C2=O str 
(out of phase) 
C5=C6 str 
C5=C6 str 
C2=O str 
ring str 
ring str 
C5H bend 
C6H bend 
C4N3 str 
C5H bend 
C6H bend 
ring str 
C6H bend 
N1D bend 
C5H bend 
NjD bend 
N3D bend 
N3D bend 
C6H bend 
ring str 
ring str 
N1D bend 
C5H bend, C6H bend 
N3D bend 
N3D bend 
N1D bend 
C6H bend, C5H bend 
ring breath 
ring def 
C2O bend, C4=O bend 
N1D bend, N3D bend 
C2=O bend 
C4=O bend, N3D bend 
C2=O bend, C4=O bend 

V, 

cm"1 

2556 
2535 
3070 
3031 
1756 

1750 

1665 

1453 
1104 

1388 

900 

1325 

1289 

1133 
983 

808 

734 
552 
531 

491 

370 

calcd values 

A, 
km mol"1 

58 
73 
10 
9 

330 

1081 

4 

118 
8 

101 

6 

17 

82 

0.4 
25 

2 

5 
11 
9 

25 

26 

V, 

cm"1 

2587 
2549 

C 

C 

1767> 
1762 
1750 
1744 I 
1739> 
1713) 
1703 > 
1684-* 

1634 

1440 
1113 

1380 

915 

1255 

1318 

C 

970 

111 

724 
543 
524 

508 

388 

exptl values" 

rel 
intensity* 

I 
) ' 

d 

112 
73 

391 

612 

9 

164 
11 

51 

22 

10 

90 

10 

9 

7 
7 
7 

28 

19 
"From ref 10. See Table I footnote. 'These integrated intensities are relative to V1 having 

'Not observed experimentally. dThese bands are due to the fundamental modes expected here in 
bands (see ref 10). 

an intensity of 73 units for this molecule also. 
Fermi resonance with one or more combination 

oratory. The assignments of the vibrations given in Tables I and 
II are made by observing the actual motions involved in each 
vibration rather than by an analysis of the potential energy dis­
tributions (PEDs).6 

Tables III and IV give the predicted wavenumbers and inten­
sities for all 21 in-plane fundamental modes for the remaining 
six deuterated derivatives of uracil. We expect these predicted 
values to be helpful in assigning the spectra of the isolated deu­
terated molecules. For example, the experimental spectra of the 
N1,N3-dideuterated molecule isolated in argon matrices reported 
previously10 agrees very well with the predicted values given in 
Table II, as indicated there. 

So far, experimental values for the absolute intensities of the 
fundamental vibrations of the isolated uracil molecule have been 
reported only for N1H and N3H stretching vibrations of 3-
methyluracil and 1-methyluracil in gas-phase studies.19 These 

(19) M. J. Nowak, K. Szczepaniak, A. Barski, and D. Shugar, Z. Na-
turforsch., C: Biosci., 33C, 876 (1978). 

intensities were found to be 75 and 53 km mol-1 for N1H and N3H 
stretching modes, respectively. The value for the intensity of the 
N1H mode agrees very well with the predicted intensity for this 
mode in Uracil (70 km mol"1). The experimental intensity of the 
N3H stretching vibration in 1-methyluracil is lower (53 km mol"1) 
than the predicted value (98 km mol"1), but it is within the limit 
of the expected "factor of two". 

We have recently measured also the total intensity of v5 and 
v6 in the carbonyl region for 1-methyluracil in CDCl3 solution and 
1,3-dimethyluracil in CDCl3 and CCl4 solutions. For 1-
methyluracil in CDCl3, the measured intensity in this region is 
1464 km mol"1; for 1,3-dimethyluracil in CDCl2 it is 1220 km 
mol"1; and in CCl4 solution it is 1100 km mol"1. All these values 
are very close to the total predicted value of 1466 km mol"1 for 
Vj and v6 of uracil. 

It should be mentioned that our calculation of intensities for 
normal modes of methylated uracils with use of the same pro­
cedures as described here for uracil predicts values for the in­
tensities of the N1H and N3H stretches and for the total carbonyl 



Matrix Isolation Studies of Nucleic Acid Constituents J. Am. Chem. Soc, Vol. 106, No. 12, 1984 3419 

CC 2 n J 
O _ -

OQ < I/, V, 
A . A 

3350 3250 3150 3050 

WAVENUMBERS (CM-I) 

O 
O 

O 

CD 

T ' 

s-

00
 

15
 V, 

/[0 

K A° ft 

C 

1300 1200 NOO 

WAVENUMBERS (CM-I) 

3550 3450 3350 3250 3150 3050 

WAVENUMBERS (CM-I) 

! 

. 

v% 

I 
I 

i 
Ii 

k i * -

^s 

I 
Il 
I l 
|l 

I H. 

I5O0 1300 1200 

VWENUMBERS (CM-I) 

5 E 

1850 1800 1750 1700 1650 

WAVENUMBERS (CM-I) 

Lu —. 
LL. T 

u «E S-
Z J=, 
O « 
H O 

CC ~ ^ 
O 
00 
CO 

< 
8J 

% I r 

i*o 

•?,*A 

d 

" I I 

A 
850 750 

WAVENUMBERS (CM-I) 

1750 1700 1650 

WAVENUMBERS (CM-I) 

750 650 
XMi 

WAVENUMBERS (CM-I) 

Figure 2. Comparison of the calculated (—) and experimental ( ) spectra for the 21 fundamental in-plane vibrational modes of uracil. The half-width 
for all bands is kept constant at 5 cm"', estimated from the matrix spectrum. Intensity scales correspond to the integrated intensities from Tables I 
and II, divided by the half-width (5 cm"'). The assignment corresponds to that given in Table I. (a) The C—H and N—H stretching region, (b) 
The C=O and C=C stretching region, (c) The ring stretching, ring bending, and N—H and C—H bending region, (d) The ring breathing, ring 
deformation, and C=O bending region. 

stretching region that are practically unchanged from the inten­
sities for the corresponding modes of uracil.20 

All the calculated intensities for uracil are compared in Table 
I with the relative integrated experimental intensities supplied by 
Szczesniak et al.10 

We believe the calibration of this relative intensity scale by the 
measurements of absolute intensities reported above suggests that 
the relative values10 in Table I are quite close to the absolute 
intensities (within ±20% or so. A simulated spectrum of uracil 
from the calculated values of scaled wavenumbers and absolute 
intensities is compared in Figure 2 with the experimental spectrum 

(20) (a) M. Szczesniak, M. J. Nowak, K. Szczepaniak, S. Chin, and W. 
B. Person, /. Phys. Chem., submitted for publication. 

of uracil isolated in a nitrogen matrix. For the simulation, all 
bands were assumed to have the same constant half-width (5 cm"1, 
estimated from the observed matrix spectrum) to allow a reliable 
visual comparison between peak heights in Figure 2 for the 
calculated and experimental spectra. 

We can see from Figure 2 that the predicted intensity pattern 
agrees closely with the experimental spectrum. The intensity by 
j / 7 is calculated to be relatively low, although it is found to be quite 
strong in the experimental spectrum. However, the relative in­
tensities predicted for the remaining 20 in-plane modes are seen 
to be in surprisingly good agreement with experiment. The only 
exception found in the original prepublication assignment by 
Szczesniak et al.10 was vn and ^14. Their original unpublished 
assignment had placed vu at higher frequency (1192 cm"1) and 
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Table III. Calculated Wavenumbers v and Absolute Intensities 
A for In-Plane Vibrations of A^pDeuteriouracil and 
/V3-Deuteriouracil 

mode" 

"i 
V2 

"3 

"4 

"5 

"6 

"7 

"8 
V9 

"10 

"11 

"12 

"13 

"14 

"15 

"16 

"17 

"18 

"19 

"20 

"21 

./Vpdeuteriouracil 

V, 

cm"' 

2558 
3454 
3070 
3031 
1767 
1757 
1666 
1455 
1402 
1383 
887 
1247 
1296 
1127 
991 
936 
738 
558 
528 
507 
373 

A, 
km mol"1 

59 
98 
10 
9 

1087 
333 
2.7 

124 
44 
62 
4 
46 
59 
2 
26 
4 
5 
12 
5 
29 
27 

7V3-deuteriouracil 

V, 

cm"1 

3479 
2535 
3070 
3031 
1766 
1752 
1669 
1482 
1106 
1381 
1393 
1325 
1184 
1066 
984 
821 
735 
562 
532 
500 
372 

A, 
km mol"' 

69 
71 
10 
9 

435 
1024 

3 
86 
9 

126 
40 
16 
30 
29 
7 
2 
6 
9 
10 
26 
25 

"See Table I for approximate mode description. Some change in 
description from uracil is expected because of the changes in mass 
on deuteration. 

higher intensity than e13 (1070 cm"1). Our calculations indicate 
that vn should be both at higher frequency and of higher intensity 
than V14. After our predictions became available, Szczesniak et 
al. modified their assignment to agree with the predictions here. 
Aside from this, the calculated integrated intesities confirmed the 
original assignment of the in-plane modes given by Szczesniak 
and co-workers. 

Similar comments can be made about the comparison between 
the calculated and experimental wavenumbers and intensities for 
NLNs-dideuterated uracil given in Table II and shown as a sim­
ulated spectrum in Figure 3. The agreement here is also very 
good. The intensities for several of the bands are predicted to 

be lower than those observed experimentally (i.e., V1, i<8, v9, and 
Vx6), but nevertheless the overall agreement is well within the 
typical "factor of two" one would normally expect for these 
calculations. Here also a discrepancy existed between the original 
unpublished assignment of Szczesniak et al.10 and our calculated 
values. In addition, there was considerable uncertainty in the 
assignment of P9, W11, and c15. Szczesniak et al.10 had originally 
assigned c14 to the high-intensity band at 1318 cm"1, and vn as 
too weak to be observed experimentally. We calculate v 13 to be 
relatively strong while P14 is predicted to be very weak (0.04 km 
mol"1). Hence, the band not observed experimentally must be 
V14 and the original assignment of P13 and i/14 again was inter­
changed.10 The assignment of the c9, P11, and P15 modes in 
N!,N3-dideuterated uracil are also not obvious from the experi­
mental spectrum. In the original assignment, two possible as­
signments were considered for all three cases. The predicted 
intensities agreed with only one assignment in preference to the 
other. On the basis of the predicted intensities p9 should be 
assigned at 1113 cm (as opposed to 1450 cm"1), ^11 at 915 cm"1 

(vs. 970 cm"1 originally), and P15 at 970 cm"1 (as opposed to 915 
cm-1), and the original assignment was changed accordingly in 
the published paper.10 

One final comment on the predicted and experimental spectrum 
of Nt,N3-dideuterated uracil should be discussed here. In uracil, 
the predicted rates of intensities for V5(C2=O)Zv6(C4=O) is 1.64 
Experimentally, an exact ratio of the relative intensities cannot 
be determined because of the complexity of the spectrum in this 
region due to Fermi resonance, but reasonable assignments of the 
latter give a ratio in reasonable agreement with the calculation. 
In the Nl!3-dideuterated species, this predicted ratio is 0.30 in good 
qualitative agreement with the experimental spectrum for the 
dideuterated species. This indicates that the puzzling reversal 
of the ratio (from 1.96 in uracil to 1/2.98 in N1,N3-dideuterated 
uracil) of the intensities for these two bands observed in the 
experimental spectrum is possibly not only due to Fermi resonance 
but is also a result of the changing normal coordinates upon 
deuteration. To us, this result is one of the most satisfying ex­
amples of the utility of "factor-of-two" intensity calculations as 
an aid to understanding a complex experimental spectrum. 

It should be emphasized that we do not expect the calculated 
values of the absolute intensities to be more accurate than the 
"factor of two" discussed elsewhere. Ab initio quantum mechanical 
calculations can indeed be made that are much more reliable (see 

Table IV. Calculated Wavenumbers v and Absolute Intensities A for In-Plane Vibrations of C5-Deuteriouracil, Q-Deuteriouracil, 
C5,C6-Dideuteriouracil, and Perdeuteriouracil 

mode" 

1 
2 
3 
4 
5 
6 
7 
8 

C
T

v 

10 
11 
12 
13 
14 
15 

C
T

v 

17 
18 
19 
20 
21 

C5-. 

v, 
cm"1 

3479 
3454 
2282 
3033 
1774 
1753 
1659 
1474 
1402 
1384 
1355 
991 
1131 
1229 
942 
842 
736 
563 
519 
507 
373 

ieuteriouracil 

A, 
km mol"1 

68 
98 
14 
8 

877 
587 
12 
105 
6 

117 
16 
18 
47 
35 
1 
0.1 
6 
10 
9 
28 
26 

c«-« 
V, 

cm"1 

3479 
3454 
3068 
2258 
1774 
1757 
1647 
1471 
1402 
1004 
1329 
1252 
1389 
1063 
984 
842 
727 
561 
530 
509 
374 

ieuteriouracil 

A, 
km mol"1 

70 
98 
11 
16 
896 
562 
18 
98 
10 
10 
15 
13 
147 
33 
11 
5 
4.7 
11 
9 
27 
25 

V, 

cm"1 

3479 
3454 
2289 
2250 
1774 
1751 
1634 
1463 
1401 
1016 
1300 
987 
1382 
1181 
851 
822 
725 
559 
517 
503 
372 

-deuteriouracil 

A, 
km mol • 

68 
98 
12 
18 
872 
79 
33 
110 
6 
26 
22 
17 
120 
22 
1 
4 
6 
10 
14 
22 
25 

perdeu 

V, 

cm"1 

2557 
2535 
2289 
2249 
1755 
1742 
1628 
1428 
1279 
1032 
859 
968 
1355 
1186 
817 
779 
718 
549 
512 
487 
370 

teriouracil 

A, 
km mol"1 

56 
72 
11 
16 
479 
932 
20 
184 
55 
10 
13 
19 
42 
3 
0.58 
0.3 
6 
10 
14 
18 
26 

"See Table I for approximate mode description. Some change in description from uracil are expected because of the changes in mass on 
deuteration. 



Matrix Isolation Studies of Nucleic Acid Constituents J. Am. Chem. Soc, Vol. 106, No. 12, 1984 3421 

2950 2850 2750 2650 

WAVENUMBERS (CM-I) 

o_ 
H IB 
Z 
UJ 
(J 
U. ~ 
U. 7 O 

0 N 

O
R

P
T

IO
N

 
(l

O
'c

m
 

20
 

CO 
CD 

< 
o-

V, 

I 
Ko 

I I Kz 

f .5 

i\ i i _ 

C 

450 350 

WAVENUMBERS (CM-I) 

3(50 3050 

WAVENUMBERS (CM"I) 

450 I350 I250 

WAVENUMBERS (CM-I) 

II 

C M -i 

CNJ 

15
0 

m. 

7 

S 

V, 

750 1700 1650 

WAVENUMBERS (CM-I) 

Z E 
Q„° 
H O 

o 
CO 

WAVENUMBERS (CM-I) 

1750 7 0 0 1650 

WAVENUMBERS (CM- I ) 

850 750 650 550 

WAVENUMBERS (CM-I) 

Figure 3. Comparison of the calculated (—) and experimental ( ) spectrum for the 21 fundamental in-plane vibrational modes of N,N3-dideuterated 
uracil. The half-width for all bands is kept constant at 5 cm"1, estimated from the matrix spectrum. Intensity scales correspond to the integrated intensities 
from Tables I and II, divided by the half-width (15 cm"1)- The assignment corresponds to that given in Table II. (a) The C—H and N—D stretching 
region, (b) The C=O and C=C stretching region, (c) The ring stretching, ring bending, and C—H bending region, (d) The ring breathing, ring 
deformation, C=O bending, and N—D bending region. 

ref 1, 4, 9, 15, 16, and 22 for more discussion). In fact, however, 
it is not entirely clear when we examine Tables I and II whether 
the differences between calculated and experimental intensities 
are due to errors in the former or uncertainties in the latter. 
Nevertheless, we can be quite certain that the intensity predicted 
for V1 is too low. Perhaps a few other examples (maybe v16?) also 
indicate errors still remaining in the calculation, but on the whole 
the nearly quantitative overall agreement (within both uncer­
tainties) between both the scaled calculated frequencies and the 
calculated intensities with the observed values is astonishingly good 
considering the possible errors in both the calculations and the 
experiment. 

The calculated results for the remaining six deuterated deriv­
atives of uracil are given in Tables III and IV. The assignments 
of the normal modes in these tables were based on the character 

of the parent vibrational modes given for uracil in Table I (and 
therefore on the expected shifts with specific deuterated sites) and 
the assumption that the intensity of any single band should not 
change drastically upon deuteration. Values of PEDs for deu­
terated uracils are given elsewhere.22 We believe that these 
predictions in Tables III and IV are quite reliable, based on the 
very good quantitative agreement found between the predicted 
and experimental frequencies and intensities for uracil and for 
its N!,N3-dideuterated homologue. We have recently learned of 
new experimental studies of the spectra of some of these matrix 

(21) A. J. Barnes, M. A. Stuckey, and L. LeGaIl, Spectrochim. Acta, to 
be published. 

(22) K. Szczepaniak, M. Szczesniak, M. J. Nowak, I. Scott, S. Chin, and 
W. B. Person, Int. J. Quantum Chem., submitted for publication. 
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Table V. Calculated Atomic Polar Tensors (APTs)0 for Uracil in the Principal Cartesian Coordinate System of Figure \b 

Px(N1) = 

P1(N3) = 

Px(C5) = 

P1(H7) = 

Px(H9) = 

Px(H11) = 

/ -0.957 
-0.678 

V o /-0.623 
-0.094 

\ o 
/-0.549 

0.565 
\ o 
/ 0.191 

-0.029 
\ 0 
/ 0.275 
-0.058 

Vo / 0.027 
0.005 

\o 

0.163 
-0.978 

0 
-0.054 
-1.403 

0 
0.110 

-0.444 
0 
0.076 
0.236 
0 

-0.005 
1.158 
0 

-0.022 
0.114 
0 

0 \ 
0 

-0.729 / 
0 \ 
0 

-0.660 / 
0 \ 
0 

-0.428 / 
0 \ 
0 
0.437/ 
0 \ 
0 

0.446/ 
0 \ 
0 

0.197/ 

Px(C2) = 

Px(C4) = 

Px(C6) = 

Px(O8) = 

Px(O10) = 

Px(H12) = 

/ 1.641 
0.443 

>° 
/ 1.449 
-0.677 

>° 
/ 0.437 

0.372 
\ 0 
/-0.942 

-0.482 
\ 0 
/-O.908 

0.620 

\ o 
/-0.041 

0.013 

\ o 

0.238 
1.988 
0 
0.014 
1.557 
0 

-0.244 
1.254 
0 

-0.552 
-1.232 

0 
0.251 

-1.309 
0 
0.023 
0.060 
0 

0 \ 
0 

0.850 / 
0 \ 
0 

0.680 / 
0 \ 
0 

0.268 / 
0 \ 
0 

-0.619 / 
0 \ 
0 

-0.592 / 
0 \ 
0 

0.151 / 

"APTs as defined in ref 23. 'Units are e; 1 e = 1.602 X 10"19 C. (Numbering of atoms is as given in Figure 1.) These values have been 
calculated as indicated in the text for displacements of all atoms. Their reliability can be tested by checking to see that the null condition 
£ P " = 0 holds true. For information, the calculated value of the dipole moment in our equilibrium configuration is 1.15 e A (1 eA = 4.80 
D), compared to 0.833, experimentally (M. Geller, A. Pohorille, and A. Jaworski, Biochim. Biophys. Acta, 331 (1973)). 

isolated species,21 and we expect that comparison of these ex­
perimental results with the calculated values in Tables II-IV will 
be of considerable interest. 

The atomic polar tensors (APTs)23"25 for all 12 atoms of uracil 
are given in Table V for the coordinate system shown in Figure 
1. These similarities and differences between these APTs and 
those for the same atoms in similar chemical environments of other 
molecules will be discussed and analyzed elsewhere, as will the 
possibility for the reliable prediction of infrared intensities in other 
nucleic acid constituents by transferring these APTs. For the 
present, the main value of the APTs listed in Table V is just that 
these are the parameters that we have calculated here for uracil, 
and the absolute intensities given in the other tables are obtained 
from these values. 

Conclusions 
The infrared spectra of large biologically important molecules 

are very complicated. Due to the extreme complexity of these 
spectra and the difficulty even to observe the spectrum of the 
isolated molecules, complete assignments have in general not been 
made solely on the basis of spectroscopic evidence, even including 
the spectra of deuterated species. For such cases it is extremely 
useful to have quantum mechanical predictions of the infrared 
spectrum, including integrated intensities, as well as the predictions 
for normal coordinates and absorption frequencies. Of course, 
it is desirable for such predictions to be as reliable as possible, 
but "factor-of-two" intensity predictions and scaled frequencies 
can be very helpful, indeed. 

(23) J. F. Biarge, J. Herranz, and J. Morcillo, An. R. Soc. Esp. Fis. Quint. 
Ser. A, 57, 81 (1961). 

(24) (a) W. B. Person and J. H. Newton, J. Chem. Phys., 61, 1040 (1974). 
(b) J. H. Newton and W. B. Person, ibid., 64, 3036 (1976). 

(25) W. B. Person, in "Vibrational Intensities in Infrared and Raman 
Spectroscopy"; W. B. Person and G. Zerbi, Eds., Elsevier, Amsterdam, 1982, 
Chapters 4 and 14. 

We have shown that ab initio calculations with a 4-3IG basis 
set can be used for such predictions of the integrated intensities 
of molecules as large and complex as uracil. For uracil the 
assignment has been worked on for a number of years (for ex­
ample, see references given in ref 6 and 10) so it has been possible 
to check that the calculated spectrum agrees quite well with the 
experimental spectrum for the isolated molecule. We can therefore 
believe that the slight modifications in the assignment for that 
molecule that are suggested by comparison of the calculated 
spectrum with the experimental spectrum are indeed justified. 
Furthermore, we can have considerable confidence in similar 
predictions for similar molecules. 

As can be seen, our viewpoint on the usefulness of predicted 
spectra and our judgment of how well predictions and experiment 
agree is somewhat different than that of the theoretician. In a 
previous calculation of frequencies and intensities for a molecule 
(benzene) of this size,9 the authors were primarily concerned with 
trying to obtain complete quantitative agreement between cal­
culated values and experiment. To us, as experimentalists trying 
to assign and interpret spectra, the calculations even in this limited 
form are quantitative enough to be very useful. We hope this 
example has illustrated this usefulness. 
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