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The O, N, and C Is core level photoemission spectra of the nucleobases cytosine and uracil have been measured
in the vapor phase, and the results have been interpreted via theoretical calculations. Our calculations accurately
predict the relative binding energies of the core level features observed in the experimental photoemission
results and provide a full assignment. In agreement with previous work, a single tautomer of uracil is populated
at 405 K, giving rise to relatively simple spectra. At 450 K, three tautomers of cytosine, one of which may
consist of two rotamers, are identified, and their populations are determined. This resolves inconsistencies
between recent laser studies of this molecule in which the rare imino-oxo tautomer was not observed and

older microwave spectra in which it was reported.

I. Introduction

Understanding the structure of the five nucleic acid bases
(NABs) of DNA and RNA is fundamental to modeling and
predicting their behavior in larger molecules, such as nucleo-
sides, nucleotides, and DNA itself. Much effort has been devoted
to the spectroscopy of free NABs, where the fundamental
molecular properties can be observed without the effects of
solvation. Some of these bases exist as tautomers, and it was
recognized very early that tautomerism can lead to mutations.
In the gas phase and at temperatures of several hundred Kelvin,
a few tautomers of guanine and cytosine are significantly
populated, whereas thymine, adenine, and uracil each exist in
a single form."? In the experiments described here, we verify
the existence and quantify the populations of the tautomeric
forms of free cytosine (see Figure 1a) at a known temperature
using core level spectroscopy. Choi and Miller! have recently
quantified the populations of guanine, but to our knowledge there
has not been a corresponding experimental verification of the
populations and relative Gibbs free energies of cytosine tau-
tomers. For comparison, we have also measured another
pyrimidine base, uracil, where only a single tautomer (see Figure
1b) is populated at the temperature of the experiment.

Some controversy exists about the number of tautomers of
cytosine in the gas-phase. Szczesniak et al.? carried out matrix
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Figure 1. (a) Low-energy tautomers of cytosine and (b) canonical form
of uracil.

isolation studies of cytosine evaporated at 493 K onto substrates
at 15 K and found two tautomers identified as amino-oxo and
amino-hydroxy, numbers 1 and 2 in Figure la. (In the present
work, where rotamers 2a and 2b are not distinguished experi-
mentally we label them collectively as tautomer 2.) Szczesniak
et al.? did not observe the tautomer 3. Brown et al.* carried out
a microwave study of jet-cooled cytosine using a nozzle
temperature of 568 K and found three tautomers, corresponding
to 1, 2b, and 3 in Figure 1. They estimated the populations to
be in the approximate ratio 1:1:0.25, although the use of jet
cooling makes it unclear whether the population is frozen into
the equilibrium value for 568 K. Nir et al.’ used laser ablation/
jet cooling and resonant multiphoton ionization to study cytosine
and some derivatives and found only the forms 1 and 2. Tomi¢
et al.% explained this failure to observe the imino-oxo tautomer
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3 in terms of a low transition moment. It is also possible that
in the laser ablation experiment this tautomer is not populated
because of the method of sample preparation; in the solid state,
cytosine exists as tautomer 1, and laser ablation is a highly
nonequilibrium process. Choi et al.” observed tautomers 1, 2a,
and 2b and obtained preliminary evidence of the imino form 3,
but stated that “more convincing evidence” was necessary.
However, they calculated that the energy of tautomer 3 was 67
kJ/mol above that of the lowest-energy tautomer, making it
unlikely that it would be populated significantly. Choi et al.
reanalyzed the microwave data of Brown et al. and found that
it was more consistent with the observation of tautomers 1 and
2 than with the original assignment of 1, 2b, and 3. The question
of why three tautomers were observed in the very early study
of Brown et al. but not in more recent studies is, thus, open,
although plausible explanations exist. Evidently there is a need
to resolve this question.

There have been many theoretical studies of the ground-state
tautomers of cytosine, particularly of their total energy, and the
fairly recent ones of Hanus et al.,® Trygubenko et al.,” and
Fogarasi'® used the second order Mgller—Plesset perturbation
theory (MP2) and coupled cluster techniques. The first authors
used a series of basis sets that made possible extrapolation of
the results to the infinite basis set limit. Both Hanus et al. and
Trygubenko et al. predicted that the most stable form is tautomer
2b, followed by 2a, 1, and 3 (note that Trygubenko et al. inverted
the labeling of the rotamers 2a and 2b with respect to the
notation used here and by Fogarasi). Fogarasi carried out less
extensive calculations but reported energies calculated at several
temperatures.

Laser or microwave spectroscopy studies of laser-ablated and
jet-cooled samples have been invaluable in identifying the basic
tautomeric structures of NABs, although there is some disagree-
ment on assignments. However, since the intensity of the
measured signals is not directly proportional to the tautomer
populations, for the determination of the latter, demanding
calculations of relative cross sections are needed. The outcome
of these calculations may strongly influence the analysis of the
experimental results. This is exemplified by the reinterpretation
of the guanine spectra of Choi and Miller' by Marian'! and, as
mentioned above, the reinterpretation of the cytosine spectra
of Nir et al.’> by Tomi¢ et al.® Both laser vaporization and jet
cooling of the sample are nonequilibrium processes, so the
measured tautomer populations are not necessarily related to
equilibrium thermodynamic parameters. In spectroscopic meth-
ods using low temperatures, such as matrix isolation and helium
droplet studies, the evaporation temperature is known, and it is
assumed that the activation barrier between different tautomers
is high, so that the populations at the evaporation temperature
are frozen into the low-temperature sample. This is probably a
good assumption, but it has not been tested for cytosine. As a
result of these complications, there is very little data on
equilibrium thermodynamic parameters of NABs in the gas
phase.

In the following, we apply core level photoemission spec-
troscopy to study thermally evaporated cytosine and uracil
vapors. This method has the advantages that the sample is in
thermal equilibrium, the core level photoemission intensity is
very nearly directly proportional to the population of the
corresponding chemical state, and our calculations provide
assignments and can correct for small differences in intensity
due to variations in pole strength. Valence level photoemission
has been applied to NABs where cross sections are high,'? and
core level spectroscopy has been applied to study tautomers of
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some volatile smaller molecules,'>'* but core spectroscopy of
NABs is more difficult. They are thermally sensitive, so careful
sample preparation is needed. We have recently reported core
level spectra and detailed calculations for adenine and thymine, '
and, in the present work, we extend our studies to cytosine and
uracil. Our results for guanine will be reported elsewhere.

II. Experimental and Theoretical Methods

Experimental Section. The experimental methods have been
described in detail elsewhere.'> The samples were obtained from
Sigma-Aldrich with a minimum purity of 99% and used without
any further purification. They were checked before the experi-
ment using photoionization mass spectroscopy to ensure that
there was no evidence of thermal decomposition. The same
furnace was used for these checks and for the experiment, and
the evaporation temperatures were 450 K for cytosine and 405
K for uracil. The spectra were measured at the gas-phase
photoemission beamline, (Elettra, Trieste)'® using the same
apparatus as described previously.'> To check the quality of the
samples during the experiment, valence spectra were taken at
99 eV photon energy. The cytosine spectra were consistent with
those of Trofimov et al.,'? and the peak energies of uracil were
consistent with those of Dougherty et al.'” taken at 21.2 eV.
The relative peak intensities were different due to different cross
sections at 21.2 and 99 eV. The spectra remained constant over
the course of the experiment and did not show evidence of
decomposition products, such as water or carbon dioxide, which
are easily identified in valence spectra.

The C 1s, N 1s, and O 1s core photoemission spectra were
taken at 382, 495, and 628 eV photon energy, respectively, and
the binding energy was calibrated to the s energies of N, and
CO,.'*" The spectra were measured with a total resolution
(photons + analyzer) of 0.20, 0.32, 0.46, and 0.53 eV at photon
energies 99, 382, 495, and 628 eV, respectively.

Theoretical Approach. Essentially the same theoretical
approach as in our previous study of thymine and adenine®
was employed, and we summarize here only the main details.
The energies () and the relative intensities (P) of the vertical
ionization transitions were computed using the fourth-order
algebraic-diagrammatic construction (ADC(4)) approximation
scheme for the one-particle Green’s function?°~?? adapted for
the case of K-shell ionization by means of an additional
core—valence separation (CVS) approximation.?*?* The relative
intensities P, also referred to as “pole strengths”, represent the
result of the Green’s function theory applied to molecular
electronic structure and do not contain any X-ray photoelectron
spectroscopy (XPS)-specific cross-section effects,’2* such as
the variation of cross section with photon energy. However,
the variation of the kinetic energy of the photoelectrons is small
in the present spectra, so cross-sectional variations are expected
to be negligible. The 6-31G basis sets?>?* were used in the
calculations. The ionization spectra were calculated using the
ADC(4)/CVS one-particle Green’s function code?’ interfaced
to the GAMESS (U.K.)?® program package.

The ground-state molecular structures of cytosine and uracil
were obtained by means of full geometry optimization proce-
dures in which density functional theory (DFT) with the B3LYP
potential®® and 6-311G** basis sets®® was employed. The
calculations were carried out using the Gaussian program.’!

The theoretical spectra of cytosine were constructed as
Boltzmann population ratio (BPR) weighted sums over all
tautomers. The BPRs were derived from previous theoretical
data®'® and extrapolated to the temperature of the experiment.
The present theoretical ionization intensities /; = P x BPR were
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TABLE 1: BPRs of Cytosine Tautomers for 7 = 298 and
450 K and Calculated Relative Free Energy G

Trygubenko et al.’ Fogarasi'’ G (kJ/mol)*

450 K? 298 K 450 K¢ 450 K

tautomer 298 K

1 0.21 0.29 0.13 0.21 1.39
2a 0.18 0.19 0.16 0.17 297
2b 0.60 0.42 0.57 0.39 0.00
3 0.01 0.10 0.14 0.23 5.38

“Relative free energy G at 450 K based on the free energy
calculated at 298 K by Trygubenko et al.’ and the temperature
dependence predicted by Fogarasi.! » Values (obtained and used in
this work) calculated as explained in footnote” (above). © Values
interpolated from the data of Fogarasi.'”

normalized so that the sum of intensity was equal to the number
of atoms in the molecule, i.e., 1 for oxygen, 3 for nitrogen, and
4 for carbon. The spectral envelopes were generated by
convoluting the discrete transition lines with Lorentzian func-
tions. The values of the Lorentzian widths were selected to best
match the experimental intensity, and, in an approximate
manner, they account for experimental resolution, unresolved
vibrational structure, and natural lifetimes of the respective core-
hole states.

Thermochemistry of Cytosine Tautomers. The BPRs
derived from the theoretical studies by Trygubenko et al.” and
Fogarasi'® are compared in Table 1 for 7 = 298 and 450 K
(the temperature used to evaporate the sample). Trygubenko et
al. did not calculate entropies but reported the Gibbs free energy
at 298 K, so we have extrapolated these energies to the
temperature of our experiment using the entropy values of
Fogarasi. Both calculations predict tautomer 2b to be the most
stable and dominant, whereas the nearly degenerate tautomers
1 and 2a are predicted to be approximately 3—4 times less
abundant. Our estimates based on the data of Trygubenko et
al. predict a small contribution of tautomer 3 at 450 K (0.10),
whereas Fogarasi predicts a larger population (0.23). The BPRs
evaluated here were adopted for the subsequent theoretical
modeling of the XPS spectra.

III. Results and Discussion

Oxygen 1s Ionization. Figures 2 and 3 show the oxygen 1s
photoemission spectra of cytosine and uracil with two peaks
and a shoulder in the spectra of cytosine and a single peak in
the spectrum of uracil. Cytosine contains only one oxygen atom,
so the presence of three features directly indicates the presence
of more than one chemical species. Below the measured spectra,
the theoretical data are shown as full curves, and the calculations
reproduce the experimental XPS energies and intensities very
well. The theoretical and experimental spectra were aligned by
shifting the former by 1.0 eV to lower energy. The binding
energies, relative integral intensities, and assignments are
summarized in Tables 2 and 3.

Our results clearly demonstrate that the maximum A and
shoulder B of the lowest energy XPS O 1s band of cytosine
originate from the ionization of oxo tautomers 1 and 3,
respectively. The maximum C at 539.30 eV is assigned to the
two closely spaced ionization lines belonging to the hydroxy-
type tautomers 2a and 2b. In this pair of rotamers, the electronic
structure is only slightly different, and so the ionization energies
differ by very little, as expected. The onset of the two-hole,
one-particle (2h-1p) satellites in the O 1s spectrum is calculated
to occur at about 6 eV higher energy than the main lines, with
very low intensity, and, thus, the satellites are not observed in
the experimental spectrum. We fitted the experimental spectrum

Feyer et al.

350

300

250

200

150

Intensity (arb. units)

100

50 1

541 540 539 538 537 536 535
Binding energy (eV)

Figure 2. Experimental (points) and theoretical (full curves) O 1s
photoionization spectra of cytosine. The theoretical calculations were
convoluted with a Lorentzian curve of half-width 0.56 eV and shifted
by 1.0 eV to lower binding energy.
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Figure 3. Experimental (points) and theoretical (full curves) O 1s
photoionization spectrum of uracil. The theoretical calculations were
broadened by a Lorentzian curve of half-width of 0.56 eV and shifted
by 0.9 eV to lower binding energy.

TABLE 2: Calculated and Experimental O 1s Ionization
Energies and Intensities of Cytosine

theory experiment
tautomer  Q (eV)” P 1 feature Q. (eV) IP
1 536.22 0.518 0.266 A 536.5 0.26
3 537.23 0.535 0.095 B 537.3 0.11
2b 539.43 0.590 0.440
2a 539.46 0.589 0.199 ¢ 339.4 0.63

“ The theoretical ionization energies have been shifted by 1.00 eV
to lower binding energy. ”The sums of intensities have been
normalized to 1.

with three Gaussian peaks, with the widths and energies as free
parameters, and obtained the experimental intensities /. shown
in Table 2.

For uracil, Figure 3, our calculations predict that the two
nonequivalent oxygen core levels give rise to two closely spaced
lines only 0.29 eV apart (Table 3), resulting (after convolution)
in one broad peak. This is in agreement with the experiment
where also only a single maximum at 537.6 eV is observed.
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TABLE 3: Calculated and Experimental O, N, and C 1s
Ionization Energies and Intensities of Uracil

theory experiment

transition Q (eV) P feature Q. (eV) 1.0
(057 1s)7! 537.41 0.508 . -
©Os1s)' 53770 0.533 5376

(N3 1s)7! 406.50 0.598 . -
(N, 1s)"1 40692 0588 4068
(Cs 1s)™! 290.86 0.574 A 291.0 0.58
(C 18)7! 292.78 0.591 B 292.8 0.57
(Cy4 18)7! 294.41 0.602 C 294.4 0.56
(Cy 1s)7! 295.54 0.615 D 295.4 0.66

“The theoretical O, N, and C Is ionization energies have been
rigidly shifted by 0.90, 1.31, and 1.61 eV, respectively, to lower
binding energy. ” The sum of experimental C 1s intensities has been
normalized to the sum of the pole strengths, P.
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Figure 4. Experimental (points) and theoretical (full curves) N 1s
photoionization spectra of cytosine. The theoretical calculations were
convoluted with a Lorentzian curve of half-width of 0.35 eV and shifted
by 1.31 eV to lower binding energy.

These results confirm the absence of oxo-hydroxy tautomerism
at the experimental temperature of 405 K. The data are
summarized in Table 3.

Nitrogen 1s Ionization. There are three nitrogen atoms in
cytosine, and its N 1s ionization spectrum in Figure 4 consists
of two intense maxima A and B centered at 404.5 and 406.1
eV, respectively. The four tautomers of cytosine, each with three
nonequivalent nitrogen atoms, can in principle give rise to a
total of 12 ionization lines, but these N 1s lines are distributed
between just two spectral regions related to ionization of imino-
and amino-type nitrogen atoms. The lower energy group of
transitions A comprises the signals of the imino-type nitrogen
atoms (Nj in tautomer 1, N3 and N; in 2a and 2b, N; in 3),
whereas the signals of the amino-type nitrogen atoms (N; and
N5 in tautomer 1, N5 in 2a and 2b, N3 and N, in tautomer 3) are
found in the higher energy part of the spectrum. The individual
contributions are indicated in Figure 4 as curves for each
tautomer, and the data are summarized in Table 4. For tautomer
2a, all three core levels can be discerned in the theoretical curve,
whereas for 1 and 3 the two amino nitrogen core levels are
unresolved and give rise to a peak roughly twice as intense as
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the imino contribution. For tautomer 2b, this trend is reversed
and the imino peak is about twice as intense as the amino peak.

The present theoretical spectrum qualitatively reproduces the
experimental spectral profile, and the most obvious difference
between theory and experiment is the difference in peak height.
However, the ratios of the integral intensities of the bands in
the theoretical and experimental spectra are consistent and equal
to 1.55:1.45 and 1.47:1.53, respectively, representing a discrep-
ancy of only 5%. The difference in peak height occurs because
the calculation slightly overestimates the differences in energy
of the components of peak A, causing it to broaden. In addition,
we have not modeled the vibrational envelope, which may vary
between different core levels.

The N 1s ionization spectrum of uracil, Figure 5, consists of
a single peak, and our theoretical calculations reproduce this
feature observed at 406.8 eV in the experiment. The calculations
show a small difference, 0.42 eV, between the binding energies
of the N; and N; atoms, which are both secondary amino
nitrogen atoms. The small shift is the result of a number of
initial-state chemical and final-state screening effects. From
cytosine, we know that amino-imino tautomerism causes a
substantial core level shift, so the absence of intensity at
404—405 eV confirms the absence of this form of tautomerism,
as expected. The results are summarized in Table 3.

Carbon 1s Ionization. The ionization of the four carbon
atoms in each of the four tautomers of cytosine can, in principle,
give rise to 16 main lines in the C 1s spectrum of cytosine. In
practice, the spectrum exhibits six distinct maxima (A—F),
which can only be assigned with information from calculations,
Figure 6. The calculated spectrum is in very good qualitative
agreement with the experimental results. The observed differ-
ences are more quantitative than qualitative and include an
overall shift of the theoretical spectrum by 1.55 eV and an
apparent high-energy shoulder of band E. This appears to be
due to an overestimate of the difference in energy between C,
in tautomer 1 and C, in 2a and 2b (Table 5).

The lowest band A at 290.58 eV contains signals from the
Cs atoms of all four tautomers. This atom is situated in the
middle of the aromatic C4,—C5s—Cg fragment, which is common
to all tautomers, and has the lowest binding energy of any C
atom. Ionization of Cq atoms does not give rise to a single peak,
but rather two peaks B (from tautomers 2a + 2b) and C (from
tautomers 1 + 3) at 291.71 and 292.40 eV, respectively. The
lower binding energy (relative to the other tautomers) of Cg in
tautomers 2a and 2b is related to the fact that the C¢ atom is
adjacent to the imino-type nitrogen N;, which in tautomers 1
and 3 becomes an amino-type N atom with a lower degree of
aromaticity.

Peak D at 293.21 eV includes signals from the C; atoms.
These atoms have a similar environment in all four tautomers
and thus form a single compact group of lines.

In tautomer 3, the C, atom is between the two amino-type
nitrogen atoms and, thus, appears to be completely isolated from
the aromatic system. Moreover, the electronic density at C, is
depleted by charge transfer to oxygen and, to a lesser extent,
nitrogen. The C, core level, therefore, has a large chemical shift
and appears as the peak F at 295.30 eV, which is separated
from the other C, transitions by an energy of over 1 eV. The
calculations seem to slightly overestimate this shift.

For the integral intensities of the individual peaks, the
agreement of peaks A and F with theory is striking and confirms
the accuracy of the thermodynamic calculations. Peaks B—E
deviate by about 15% from the predicted values. This is probably
due to the crudeness of the fit for estimating the integral
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TABLE 4: Calculated and Experimental N 1s Ionization Energies and Intensities of Cytosine
theory experiment

tautomer transition Q (eV)“ P Ik sum I, feature 1. Q. (eV)

1 (N3 1s)7! 404.04 0.550 0.283

3 (N7 1s)7! 404.10 0.507 0.090

2a (N 1s)7! 404.49 0.532 0.179

2 (N; 1s)"! 404.58 0.534 0.397 155 A 1.47 404.5

2b (N3 1s)7! 404.77 0.557 0.415

2a (N3 1s)7! 404.95 0.559 0.188

1 (N; 1s)7! 405.95 0.590 0.305

2b (N7 1s)7! 405.97 0.594 0.442

1 (N, 1s)7! 406.09 0.567 0.291

2a (N; 1s)"! 406.10 0.595 0.200 145 B .53 406.1

3 (N3 1s)7! 406.14 0.599 0.106

3 (N, 1s)7! 406.49 0.586 0.104

“ Theoretical ionization energies have been shifted by 1.31 eV to lower binding energy. ” Sums of intensities have been normalized to 3.
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Figure 5. Experimental (points) and theoretical (full curves) N 1s
photoionization spectra of uracil. The theoretical calculations were
convoluted with a Lorentzian curve of half-width of 0.35 eV and shifted
by 1.2 eV to lower binding energy.
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Figure 6. Experimental (points) and theoretical (full curves) C 1s
photoionization spectra of cytosine. The theoretical calculations were
convoluted with a Lorentzian curve of half-width 0.26 eV and shifted
by 1.55 eV to lower binding energy.

intensities, namely a fit with a symmetric Gaussian whereas
vibrational envelopes are often asymmetric. If peaks B and C
are summed to give the contribution of Cg atoms in all four
tautomers, then the agreement with experiment is very good.

The C Is spectrum of uracil (Figure 7) consists of four
maxima A—D at 290.96, 292.83, 294.44, and 295.40 eV,

respectively, which are related to ionization of the four carbon
atoms in the molecule. Our calculations are in very good
agreement with the experimental data, and the peaks A—D are
assigned to the Cs, Cq, Cy4, and C, atoms, respectively, Table 3.
The widths have been set equal in the simulation, but they vary
by about +10% experimentally, reflecting different Franck—Condon
factors for each core level. The C 1s chemical shifts here are
quite similar to those observed in cytosine, and their interpreta-
tion is closely analogous.

It is worth noting the similar environment of C, in uracil and
tautomer 3 of cytosine, which should result in similar chemical
shifts for this atom in these species. Indeed, this is seen to be
the case by comparing the energy of peaks F in Figure 6 and D
in Figure 7. This confirms the assignment of peak F in the
spectrum of cytosine and resolves the issue of the presence of
tautomer 3 mentioned in the Introduction.

An interesting finding is the monotonic increase in intensity
of the four C 1s ionization peaks as a function of binding energy,
predicted by theory and tested in the experimental spectrum.
The calculated pole strengths for the main C 1s transitions grow
from 0.57 to 0.62 indicating stronger many-body (electron
correlation) effects for transitions with lower energies. However,
this is only partly reflected in the experimental data, Table 5,
with peak D being the most intense and the other peaks being
about equal.

In the above discussion, we have shown that there is very
good agreement between theory and experiment with respect
to the intensity of the peaks in the Ols, N1s, and Cls spectra.
This suggests that the populations calculated at 450 K (Table
1, Trygubenko et al.) are correct to within about 10% of the
value of each population. For all core levels, the energy
differences between tautomers 2a and 2b cannot be experimen-
tally resolved, so we cannot determine the relative populations
of these rotamers, but the measurement of the ratio 1:(2a+2b):3
is still a stringent test of theory. On comparison with the
theoretical free energy calculations by Fogarasi,'® we find
reasonable agreement with his calculations of the relative
energies (and, therefore, populations) of tautomers 1 and 2, but
the population of tautomer 3 is considerably overestimated. The
data are consistent with the electronic energy calculated by
Trygubenko et al. and the entropy calculated by Fogarasi, which
give a Gibbs free energy of 5.4 kJ/mol at 450 K relative to
tautomer 2b.

The data show that the explanation of Tomi¢ et al.® for the
absence of the imino tautomer in the spectra of Nir et al.’ is
plausible, as at least, under the present thermal equilibrium
conditions, the tautomer is populated. The original microwave
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TABLE 5: Calculated and Experimental C 1s Ionization Energies and Intensities of Cytosine

experiment

tautomer transition Q, (eV)“ P I, sum 1/ feature 1. Q. (eV)
2a (Cs 1s)"! 290.46 0.572 0.187

2b (Cs 1s)"! 290,47 0.573 0.413

! (Cs 1s)"! 290.61 0.576 0.287 0.985 A 0.98 290.6
3 (Cs 1s)"! 290.78 0.572 0.098

2a (Co 15)! 291.56 0.575 0.188

2b (Ce 1s)"! 291.62 0.575 0.415 0.603 B 0.52 2917
i (Co 1s)! 292,39 0.574 0.286

3 (Ce 1s)"! 292,46 0.580 0.100 0.386 ¢ 0.47 292.4
2b (4 1s)"! 293.03 0.588 0.424

2a (Cy 1s)"! 293.08 0.584 0.190

I (Cy 1s)"! 293,14 0.595 0.296 1.02 b 0.89 2932
3 (Cy 1s)"! 203.18 0.611 0.105

2b (C, 1s)"! 293.75 0.581 0.419

2a (C, 1s)"! 29376 0.578 0.189 0.907 E 1.05 293.9
! (C, 1s)"! 294.10 0.601 0.299

3 (C, 1s)! 29524 0.618 0.106 0.106 F 0.10 295.1

“ Theoretical ionization energies have been shifted by 1.55 eV to lower binding energy. ® Theoretical Boltzmann-weighted photoelectron

intensities. The sum has been normalized to 4.
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Figure 7. Experimental (points) and theoretical (full curve) C Is
photoionization spectra of uracil. The theoretical calculations were
convoluted with a Lorentzian curve of half-width 0.26 eV and shifted
by 1.6 eV to lower binding energy.

work of Brown et al.* correctly identified this tautomer and its
population, but estimated only approximately the ratio of
tautomers. Even at the higher temperature of that study, the BPR
is not equal to their estimated value of 1:1:0.25. This suggests
the previous data, in particular the calculated energy for tautomer
3 (67 kJ/mol),” need to be revised. Clearly, we have provided
the “convincing evidence” that they mentioned for the existence
of this tautomer.

IV. Conclusions

We have measured the core photoemission spectra of cytosine
and uracil tautomers at temperatures of 450 and 405 K,
respectively. Uracil exists as a single tautomer, and the spectra
are well reproduced by our calculations. The tautomers of
cytosine can be identified in both the O and C 1s spectra, and
the equilibrium population was estimated, while N 1s spectra
provided an additional check of the correctness of the population
estimate. The failure to observe the imino tautomer 3 in recent
laser studies is probably due to low transition moments. The
calculated electronic energies of Trygubenko et al.” combined

with the calculated entropy of Fogarasi yield accurate values
of the Gibbs free energies at 450 K.
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