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1. Introduction

Vacuum ultraviolet spectroscopy of pyrimidine
derivatives: the effect of halogenationt
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As a prototypical molecule in the important class of halopyrimidines, 2-chloropyrimidine has been the
subject of numerous spectroscopic studies. However, its absorption spectrum under vacuum ultraviolet
(VUV) radiation has not yet been reported. Here, we close this gap by presenting high-resolution VUV
photoabsorption cross-sections in the 3.7-10.8 eV range. Based on time-dependent density functional
theory (TDDFT) calculations performed within the nuclear ensemble approach, we are able to
characterize the main features of the measured spectrum. By comparing the present results for
2-chloropyrimidine with those of 2-bromopyrimidine and pyrimidine, we find that the effect of the
halogen atom increases remarkably with the photon energy. The two lowest-lying absorption bands are
overall similar for the three molecules, apart from some differences in the vibrational progressions in
band | (3.7-4.6 eV) and minor energy shifts in band Il (4.6-5.7 eV). Larger shifts appear in band Il (5.7-
6.7 eV), especially when comparing pyrimidine with the two halogenated species. The three molecules
absorb more strongly in the region of band IV (6.7-8.2 eV), where the bands look qualitatively different
because the mixing of excited configurations is strongly dependent on the species. At higher energies
(8.2-10.8 eV) the three spectra no longer resemble each other. An important finding of this study is the
very satisfactory comparison between experiment and theory, as the combination of TDDFT calculations
with the nuclear ensemble approach yields cross-sections much closer to experiments than the simpler
vertical approximation, in shape and magnitude, and across the whole spectral range surveyed here.

agrochemicals.” Moreover, they can be used as dyes and flame
retardants, and in other areas such as medical diagnosis and

The halogenation of organic molecules is one of the most
significant chemical modifications in molecular synthesis.
The halogen atom acts as an electrophilic species, leading to
alterations in the functional properties of the molecule, as well
as in its geometry, polarizability and electron affinity.™” It is
well-established that the halogen bond strength is tuneable by
modifying the halogen atom according to its polarizability scale
(F < Cl < Br < I). This represents a very useful tool to control
intermolecular recognition and assembly, with impacts in a
variety of research areas."” Indeed, halogenated compounds
are found in 20% of medical drugs®® and in 30% of
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materials science.>”"

Pyrimidine and its derivatives are part of the diazine
group and are found in natural and synthetic compounds. In
pyrimidines, nitrogen atoms replace the CH groups at positions
1 and 3 of the benzene ring, which gives rise to interesting
properties relevant to applications in industry, chemistry, and
medicine.”'® Therefore, the physicochemical properties of
pyrimidine have been attracting considerable attention in
recent decades, and several experimental and theoretical meth-
odologies have been employed in order to deepen the knowl-
edge on its spectroscopy and dynamics.'* >’

In particular, halogenated pyrimidines are found in various
therapeutic applications in medicinal chemistry, since pyrimi-
dines are building blocks of nucleic acids (DNA and RNA) and,
therefore, they are good candidates in pharmacology.'
The replacement of thymine in DNA by a halogenated pyrimi-
dine enhances radiation damage due to its increased
radiosensitivity.?"*> Bromodeoxyuridine, iododeoxyuridine,
5-fluorouracil and gemcitabine are examples of tumour-specific
radiosensitizers used in cancer therapy.”>”° The irradiation of
halopyrimidines by UV, X-ray or ion beams can trigger a variety
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of chemical alterations, as induced by photochemical hydration,
dimerization, excitation, ionization, and bond dissociation.
Therefore, a detailed description of the electronic excitation
and ionization of pyrimidine and its derivatives is essential to
understand the underlying radiation-induced and photo-
induced reactions. In light of this motivation, many spectro-
scopic studies on halopyrimidines®' > and halobenzenes®**”
have been reported.

Among the class of halopyrimidines, 2-chloropyrimidine
(2ClIPyr) in particular has been extensively investigated. Thor-
ough analyses by X-ray photoemission spectroscopy,*® near
edge X-ray absorption fine structure spectroscopy,’® and Auger
spectroscopy’® have been reported by Bolognesi and co-
workers. Its valence photoelectron spectrum was investigated
by O’Keeffe et al.*' The photoionization mass spectrum of
2CIPyr was studied by Castrovilli et al***® at 14 eV. He
et al.** explored the first electronically excited state of 2CIPyr
and its cationic ground state using two-colour resonance-
enhanced multiphoton ionization (REMPI) and zero kinetic
energy photoelectron spectroscopy. The UV absorption spec-
trum of 2CIPyr in solution was reported in a previous
publication.*> Additionally, the photochemistry of 2CIPyr in
solution was investigated by Lindquist et al.*® at 254 nm
(4.88 eV). We further mention studies on its vibrational frequen-
cies, via infrared”” and Raman spectroscopy,>'* and on its
resonant anions, through electron transmission and dissociative
electron attachment experiments,*® as well as theoretically.**>°
Moreover, the total cross-sections for the single electron-impact
ionization of pyrimidine and halogenated molecules have been
calculated using the binary-encounter-Bethe model, from the
ionization threshold up to 5 keV.>" Despite numerous studies on
2ClPyr, it has not yet been probed throughout the vacuum
ultraviolet (VUV) spectral range, which is a great spectroscopic
technique to better understand electronically excited states,
photochemistry, and radiation chemistry.

Here, we present a combined experimental-theoretical
investigation on the VUV photoabsorption of gas-phase 2CIPyr,
in the 3.7-10.8 eV energy range. The present goals are threefold.
First, to present and discuss the VUV photoabsorption cross-
sections of 2CIPyr, which are the first ever measured for this
molecule, to the best of our knowledge. The interpretation of its
many absorption bands is done with the support of time-
dependent density functional theory (TDDFT) calculations.
Our second goal is to carry out a comparison among the present
results for 2CIPyr and the available results for pyrimidine'* and
2-bromopyrimidine (2BrPyr),>* thus addressing the effect of
halogenation on the VUV spectra. Here, we only compare with
the latest and better resolved spectrum of pyrimidine,'* but we
refer to older experiments in ref. 53 and 54. The third goal of
this contribution is to assess three different treatments for the
nuclei in the calculation of photoabsorption cross-sections,
namely, the vertical approximation, the nuclear ensemble
approach (NEA), and the Franck-Condon Herzberg-Teller
(FCHT) approach. The same electronic structure level of theory
is employed for the three models. We are particularly interested
in how going beyond the vertical approximation through the
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NEA changes the shape and magnitude of the cross-section
across the wide (3.7-10.8 eV) energy range covered here.

2. Methods

2.1. Experimental methods

The high-resolution VUV photoabsorption spectrum of 2CIPyr
was measured using the AU-UV beam line of the ASTRID2
storage ring facility at Aarhus University in Denmark, which is
described in detail elsewhere.’®>> Briefly, the apparatus com-
prises a gas cell coupled to a monochromator with a MgF,
window which plays the role of separating it from the ultra-
high vacuum (UHV) of the beam line. After the interaction of
synchrotron radiation with a static gas sample, the transmitted
light intensity is detected by a photomultiplier tube (PMT). By
making use of a capacitance manometer (Chell CDG100D), it is
possible to record the absolute pressure of the effusive molecular
gas. The wavelength is selected using a toroidal dispersion
grating with 2000 lines per mm providing a resolution of
0.075 nm, corresponding to 3 meV at the midpoint of the present
energy range. As described in detail in ref. 55, the full wavelength
range of the monochromator is calibrated through the measure-
ment of fine peaks for nitrogen and sulphur dioxide, with an
accuracy of +0.05 nm. Below 200 nm (energies above 6.20 eV) it
is necessary to avoid any absorption of O, from the air, and for
that, there is a small gap between the PMT and the MgF, gas cell
exit window which is evacuated using a scroll pump. For higher
wavelength measurements, air is admitted into the gap at atmo-
spheric pressure to allow O, to absorb any higher orders of light
produced by the monochromator.

Absolute photoabsorption cross-sections (o) were obtained at
room temperature (~25 °C) by using the Beer-Lambert attenua-
tion law I, = I, exp(—Nal), where I is the light intensity transmitted
through the gas sample, I, is the intensity transmitted through
the evacuated cell, N is the molecular density, and [ is the
absorption path length (15.5 cm). The range of pressures used
for the present measurements was 0.03 to 0.25 mbar. The
spectrum was measured in the energy range from 3.757 eV
(330 nm) to 10.781 eV (115 nm) using data points separated by
0.05 nm (see Fig. 1). The accuracy of the cross-sections is
estimated to be ~10%, which is ensured by recording the VUV
spectra in small (5 or 10 nm) sections to allow optimization of
pressure according to the local cross-sections, with at least 10
points overlapping between the adjoining ranges.”>® The vapour
pressure of the sample at room temperature was sufficient for
measurement, so no heating was required. The reproducibility of
the spectrum was confirmed through repeated measurement of
each region, ensuring a good overlap between adjoining ranges
and also with a broad scan taken in larger step sizes. An in-depth
description of the experimental procedure used to measure gas
phase photoabsorption spectra is given in ref. 55.

The 2CIPyr sample (CAS: 1722-12-9) was purchased from Alfa
Aesar with a stated purity of ~98%. The sample was used with
no further purification and degassed before measurement
through repeated freeze-pump-thaw cycles.

This journal is © the Owner Societies 2025
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Fig. 1 High-resolution VUV photoabsorption cross-section of 2-chloropyrimidine (present work, green), pyrimidine'? (grey), and 2-bromopyrimidine>2

(purple).

2.2. Theoretical methods

Because we are interested in comparing the VUV spectra of 2CIPyr
with those of 2BrPyr®> and pyrimidine,"> here we employed the
same methods as in our previous study on 2BrPyr.”* The excited
states of 2CIPyr were described with time-dependent density
functional theory (TDDFT) calculations. We adopted the CAM-
B3LYP®’ functional with the aug-cc-pVDZ basis set supplemented
with 2s2p2d even-tempered diffuse functions placed at the carbon
atom at position 2 of the ring (bonded to the chlorine atom). Their
exponents were generated from the smallest exponents of the aug-
cc-pVDZ set by successive divisions by 4. The choice of functional
(CAM-B3LYP) is motivated by its favourable performance for
excitation energies®® and oscillator strengths® when compared
with alternative functionals. In addition, range-separated functions
like CAM-B3LYP are more advisable to treat Rydberg states.
Similarly, an improved description of these states requires the
inclusion of more diffuse functions, hence the augmented 2s2p2d
set. Moving to the larger aug-cc-pVIZ+2s2p2d (augmented analo-
gously) basis set produces an average absolute shift of 0.01 eV in
the vertical excitation energies of the 40 lowest-lying excited states.
This minor effect and the need to perform repeated excited-state
calculations (see below) justify the adoption of the aug-cc-
pVDZ+2s2p2d basis set. To have a fair comparison among the
calculated excited states of 2CIPyr, 2BrPyr and pyrimidine, we
performed additional excited-state calculations for pyrimidine with
the same level of theory. The ground-state geometry and the
vibrational normal modes and frequencies were obtained with
density functional theory calculations and the same functional and
basis set described above. The ESIf contains the Cartesian

This journal is © the Owner Societies 2025

coordinates, vibrational modes, and harmonic and anharmonic
frequencies, the latter computed with the generalized second-
order vibrational perturbation method.®®®* We employed
Gaussian 16 software®? to perform all the electronic structure
calculations.

Three different models were employed to calculate the
photoabsorption cross-sections. The first and simplest one is
the vertical approximation, which only considers the excited-
state energies and oscillator strengths evaluated at the ground-
state equilibrium geometry. It completely neglects vibrational
effects of ground and excited states. The second model is the
nuclear ensemble approach (NEA).**®* It goes beyond the
vertical approximation by emulating nuclear quantum effects
of the electronic ground state (before photoexcitation). This is
achieved by properly averaging excitation energies and oscilla-
tor strengths over a collection of configurations that sample the
underlying vibrational wave function. These two models were
used for the full spectral range investigated experimentally
(between 3.7 and 10.8 eV). Finally, to understand the nature
of the very rich vibrational structures of band I (between 3.7
and 4.6 eV), we employ the Franck-Condon Herzberg-Teller
(FCHT) method. This third model describes the nuclei
quantum-mechanically in both ground and excited states
(before and after photoexcitation) but relies on harmonic
approximations for energies and transition properties.

For the NEA calculations, the configurations were sampled
from the Wigner distribution of independent harmonic poten-
tials at 298 K (matching the experimental condition). Each
harmonic potential corresponds to a vibrational normal mode

Phys. Chem. Chem. Phys., 2025, 27, 9687-9701 | 9689
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of the electronic ground state. For each geometry ¢;, excitation
energies AEy,(q;) and oscillator strengths f,(g;) between the
ground (0) and the n-th excited state are calculated. This allows
us to obtain the photoabsorption cross-section (expressed in
atomic units),

1, 1

Np
o(E) =2 No () ZAEOH(‘]i)ﬁ)n(Qi)g[E — AEoa(g1), 9]

The phenomenological profile g is centred at E — AE,,(q;) and
its integral is normalized to one. Here, we choose a normalized
Gaussian function with a linewidth of § = 0.1 eV. This value
preserves the correct profile of the cross-section curves, while
further ensuring that undulations due to a finite number of
configurations are minimized. Here, we employed progressively
less configurations as more excited states are calculated, start-
ing with N, = 7000 configurations for the eight lowest-lying
singlet excited states (n = 1-8), N, = 5000 for 7 = 9-16, N, = 3000
for n = 17-40, Ny, = 2000 for n = 41-60, and N, = 1000 for n = 61~
150. The large number of calculated excitation energies and
oscillator strengths (294 000) is probably excessive if the goal is
to reproduce the main trends at lower energies. Here, however,
as in our previous study for 2BrPyr,”> we are equally interested
in the higher energies of the VUV spectra, where a high density
of overlapping states is found. To obtain properly converged
cross-sections with the NEA at this regime, while keeping
artificial undulations to a minimum, a large number of config-
urations and excited states must be considered. The Newton-X
package® was used to handle the NEA calculations.

The cross-sections calculated in the vertical approximation
can be seen as a limiting case of the NEA where the equilibrium
geometry is the single configuration taken. Here, we employed
a Gaussian function with a linewidth of 0.5 eV to obtain the
cross-sections in the vertical approximation. This value was
chosen such that the calculated spectrum becomes overall
similar in shape to the experimental one. The FCHT calcula-
tions were employed in a time-independent framework and
with the adiabatic Hessian model, as implemented in Gaussian
16.°% Following the procedure described in ref. 66, we employed
excited-state anharmonic frequencies, estimated through a
mode-specific scaling of the calculated ground-state anharmo-
nic frequencies. Temperature effects were considered in the
FCHT calculations by including transitions from vibrationally
excited levels. Here, we accounted for all the levels whose initial
population is larger than 1% for a temperature of 298 K (which
matches the experimental condition). Exploratory calculations
with different thresholds showed minute changes in the com-
puted spectrum. Finally, the intensity of each vibronic transi-
tion is weighted by the corresponding Boltzmann population of
the initial vibrational level. A Gaussian linewidth of 2.5 meV
was adopted to plot the FCHT spectrum. Throughout the
discussion, we adopt the Mulliken convention (normal modes
are first ordered by symmetry and then by decreasing frequen-
cies). The character of the excited state normal modes and their
vibrational frequencies can be found in the ESL ¥
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3. Results and discussion

Fig. 1 compares the presently measured high-resolution VUV
photoabsorption spectrum of 2CIPyr with those previously
reported for 2BrPyr’*> and pyrimidine,'” in the 3.7-10.8 eV
photon energy range. A key finding is that three spectra become
increasingly more dissimilar as the photon energy increases.
Moreover, the differences between the spectrum of pyrimidine
and of its halogenated derivatives are more pronounced than
when comparing the spectra of 2CIPyr and 2BrPyr. While this is
clearly seen at lower energies, at higher energies the qualitative
similarities between 2CIPyr and 2BrPyr also wane off.

The measured and calculated photoabsorption cross-section
curves of 2CIPyr are compared in Fig. 2. It is important to recall
that the vertical approximation and the NEA make use of the
same electronic structure level of theory. Whereas the vertical
approximation yields an overall qualitatively correct spectrum,
accounting for vibrational effects through the NEA substantially
improves the agreement with experiment. This allowed us to
confidently interpret the various absorption bands of 2CIPyr.

In comparison to the cruder vertical treatment, the NEA
redshifts the absorption bands, systematically approaching the
measured ones, which is a well-documented effect.®”””° In
addition, it changes the magnitude of the cross-sections, bringing
them much closer to the experimental values. This is also in line
with the few studies that have addressed the comparison between
the cross-section magnitudes obtained with both models.’*”%7"*
Furthermore, we find that the NEA outperforms the vertical
approximation for the high energy part of the spectrum, although
the improvement is less striking than at the lower energies. This
observation corroborates previous results that showed the con-
sistently superior performance of the NEA across the wide spectral
range of VUV.”>”° This is not only a merit of the NEA but, equally
important, of the employed electronic structure method. However,
the level of agreement at higher energies is less satisfactory, and
we return to this point later.

In the following, we detail each of the absorption bands of
2ClPyr, while discussing the halogenation effect by comparing
with the available results for 2BrPyr>> and pyrimidine.'* The text
is organized according to energy ranges, each one loosely defin-
ing a band. The present labelling of the bands is such that the
optically bright and analogous states of pyrimidine, 2CIPyr and
2BrPyr fall within the same band as much as possible. For this
reason, notice that bands IV and V of 2BrPyr used in ref. 52 are
grouped as band IV here. Similarly band VI in ref. 52 corre-
sponds to band V in the present study. The theoretical assign-
ment of the electronically excited states of 2ClPyr is given in
Table 1, together with the computed vertical excitation energies
and oscillator strengths, and the experimentally observed energy
and cross-section at each maximum up to band IV. The orbitals
relevant for the assignments are shown in Fig. 3.

3.1. The 3.7-4.7 eV photon energy range (Band I)

Fig. 4 focuses on the energetically lowest-lying band in the VUV
spectrum of 2CIPyr. This band originates from a transition into
the "B, first singlet excited state, of n*(a,) « n_(b,) character,

This journal is © the Owner Societies 2025
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Fig. 2 Comparison between the experimental (green) and calculated photoabsorption cross-section of 2-chloropyrimidine, obtained with the NEA
(dashed red) and with the vertical approximation (dotted red).

whereas the 'A, second singlet excited state should have a
much smaller contribution to the high-energy tail of the band

based on the NEA results. This band has the lowest intensity in
the energy range investigated here.

Table 1 Calculated vertical excitation energies (AE), in eV, and vertical oscillator strengths (fg) of 2-chloropyrimidine, computed at the TDDFT/CAM-
B3LYP/aug-cc-pVDZ+2s2p2d level of theory, compared with the experimentally obtained band maximum, in eV, and peak cross-section, in Mb. The
character of the transition is given by the dominant hole and particle natural transition orbitals and their corresponding occupation numbers

Experimental Theoretical

Band Band max. Peak cross-section State AE fo Character

I 4.27 1.0 'B, 4.58 0.0043 0.99 n_(b,) m*(a,)

I 4.91 7.8 A, 5.05 0 0.99 n_(b,) n*(b,)
'B, 5.50 0.0447 0.87 1(by) m*(a,)

111 6.18 33.5 A, 6.29 0 0.97 n,(a,) T*(a,)
A, 6.29 0.2187 0.92 ni(by) m*(by)
'B, 6.71 0.0048 0.99 n,(a;) ©*(by)

v 7.15 77.6 ‘A, 6.98 0 1.00 ng(b,) n*(by)
'B, 7.04 0.0004 0.98 n_(b,) 3s(a;)
B, 7.07 0.0010 0.99 nc(by) n*(ay)
B, 7.12 0.0270 0.98 nt(by) 3s(a;)
A 7.41 0.3697 0.76 m(a,) T*(a,
'B, 7.44 0.0641 0.46 m(ay) rc*(b ) +0.32 m¢y(by) 7*(ay)
B, 7.50 0.0068 0.99 n(by) oy (ar)
B, 7.69 0.0051 0.73 n_/ngy(by) o&y(ar)
A, 7.69 0.0001 0.87 n_(b,) 3p,(bs)

7.93 60.4 'B, 7.83 0.0009 0.94 (by) oy /3p.(a1)

'B, 7.85 0.0113 0.91 n_/ng(by) ofy/3p-(ar)
A, 7.88 0 0.95 n_(b,) 3p«(b1)
A, 7.91 0 0.95 7(b1) 3py(b,)
A 7.97 0.0094 0.90 7(by) 3p4(b,)
'B, 8.15 0.2733 0.54 migy(by) T*(a,) + 0.29 n(a,) ©*(by)
'B, 8.22 0.0246 0.56 n_(by) ¢¢,/3d(a;) + 0.38 ngy(b,) o (ar)
1A, 8.24 0.0674 0.75 c(by) m*(by)
'B, 8.36 0.0294 0.71 n_(b,) 6§y (ar)
B, 8.38 0.0006 0.97 ni(by) 4s(a;)

This journal is © the Owner Societies 2025
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Fig. 3 The most relevant orbitals involved in the low-lying electronic transitions of 2-chloropyrimidine.

The spectrum of 2CIPyr is also compared with the available
data for 2BrPyr>> and pyrimidine'” in Fig. 4. Whereas the
overall shape and magnitude of the band are very similar across
the three molecules, important differences can be seen in their
fine structures. These are due to excitation of specific vibra-
tional levels of the electronically excited state, which will be
discussed in more detail later. Based on the FCHT results also
discussed later, the sharp peak at 3.892 eV can be assigned to
the 0-0 transition ie. excitation from the vibrational ground
state of the electronic ground state to the vibrational ground
state of the electronic excited state. This value is slightly larger
(by 0.02-0.04 eV) than the analogous 0-0 transitions identified
in pyrimidine (3.854 eV)"> and 2BrPyr (3.869 eV).> We also
notice that pyrimidine presents the most sharp and intense
peaks in this band, which are attenuated in 2CIPyr and even
more so in 2BrPyr. In Fig. 4 we also compare the measured and
calculated cross-sections of 2CIPyr, the latter obtained in the
vertical approximation, the NEA, and the FCHT approximation.
The vertical approximation yields a qualitatively correct band,
although somewhat high in energy compared to the experiment
(4.58 eV against ~4.3 eV). In the NEA, the centre of the band is
redshifted to 4.48 eV, thus reducing the gap to experiment by
0.1 eV, while in the FCHT approach, this discrepancy is further
reduced by around 0.1 eV.

Once the FCHT spectrum is red-shifted by 0.110 eV
(to correct for inaccuracies in the electronic structure calcula-
tions), the agreement with experiment at the low-energy tail of
the band is remarkable (see Fig. 4). Besides the 0-0 peak at
3.892 eV, two prominent peaks can be seen at 3.945 eV and
3.998 eV, which are assigned to excitation of the v,(a;) C-Cl
stretching/ring deformation mode. Many of the weaker features
in the spectrum, including the hot bands (occurring at lower
energies than the 0-0 transition), are nicely reproduced by the
FCHT calculations. The most intense transitions of the band
involve the combined excitation of totally symmetric ring
deformation and C-Cl stretching modes, mostly vs(a,), ve(a1),
v5(a4), and vo(a,), in addition to the v;4(b;) Cl wagging mode.

9692 | Phys. Chem. Chem. Phys., 2025, 27, 9687-9701

Although the shape of the band remains correct towards its
maximum and high-energy tail, the agreement regarding the
position and intensity of the peaks worsens, a known limitation
of the FCHT model.

It is also worth mentioning that the 0-0 transition found
at 3.892 eV in the present VUV spectrum perfectly matches
(within our energy resolution) the value obtained with REMPI
spectroscopy.**

3.2. The 4.7-5.6 eV photon energy range (Band II)

The second absorption band extends from 4.7 eV to 5.6 €V,
peaking at 4.91 eV, as shown in Fig. 5. We attribute this band to
the 'B, third singlet excited state, a m*(a,) « mw(b;) dipole
allowed transition, whereas the 'A, [r*(b;) < n_(b,)] dipole
forbidden transition should contribute to a lesser extent.

The band of 2CIPyr is similar in shape to the analogous ones
of 2BrPyr’* and pyrimidine,">*** especially with the former.
Compared with the band of pyrimidine, there is a red-shift of
0.23 eV in 2ClIPyr and of 0.29 eV in 2BrPyr.

The 0-0 transition of 2CIPyr is tentatively placed at 4.782 eV,
which is followed by a clear vibrational progression with a
reasonably constant spacing of around 0.12 eV. This progres-
sion is very similar for the three molecules, apart from the
somewhat smaller spacing for pyrimidine (0.09-0.11 eV)"> and
the displaced 0-0 position. We assign the progression of 2CIPyr
to excitation of the 1(a,) ring stretching mode, based on the
following arguments. First, this mode has the closest energy
(0.125 eV for the ground state and 0.119 eV for the first singlet
excited state) to the observed spacing. Furthermore, the small
difference between these two values suggests that the actual
vibrational energy for the 'B, [n*(a,) « m(b;)] excited state is
probably not too far. Moreover, the vibrational energies are
virtually the same for 2BrPyr,>> where the same spacing has
been observed. Finally, the v, (a;) mode is dominated by the
C-N stretching, which would be expected to be activated based
on the orbitals involved in this electronic excitation (see Fig. 3).
A weaker secondary progression has also been identified for
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v transitions from the i-th to f-th level of the ¥ mode indicated.

2BrPyr, differing from the main progression by one quantum of Compared to the experimental data, the vertical approxi-
the v,4(b,) Br rocking mode.”” For 2ClIPyr, however, the analo- mation significantly overestimates the centre of the band, by
gous combination mode cannot be seen in the spectrum. around 0.6 eV. Turning to the NEA results, the gap is reduced to
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0.5 eV, showing that this discrepancy is not related to how the
vibrational degrees of freedom are treated. A similar behaviour
was also observed for the analogous states of 2BrPyr*® and
benzene,** suggesting this is a shortcoming of the CAM-B3LYP
functional (used in the three cases) in accurately describing this
excited state.

Excitation of 2CIPyr in solution at 254 nm (4.88 eV) has been
shown to produce 2-hydroxypyrimidine and 2-chloro-4,2'-
bipyrimidine.*® Although this was performed in solution and
the present experiments were performed in gas-phase, it is
likely that the "B, [n*(a,) « n(by)] excited state is involved in
these photochemical reactions.

3.3. The 5.6-6.8 eV photon energy range (Band III)

The third absorption band of 2CIPyr can be seen in Fig. 6. It has
a maximum cross-section at 6.18 eV, and originates from the
'A; [n*(by) « m(b,)] excited state.

The analogous state accounts for the very similar band of
2BrPyr,>* except that it is centred lower in energy (at 5.91 eV)

9694 | Phys. Chem. Chem. Phys., 2025, 27, 9687-9701

and is slightly more intense. In contrast, between 5.6 and 6.2
eV, pyrimidine displays a flat profile having one order of
magnitude smaller cross-section. At this energy, a 'B; [n(b,)
« n,(a;)] transition takes place,’*** which appears at around
the same energy in 2CIPyr and 2BrPyr, but are masked by the
stronger 'A; [r*(b;) « m(b,)] transition. The latter accounts for
the feature between 6.3 and 7.0 eV in pyrimidine.'>>* Besides
the substantial energy shift (0.5-0.8 eV), the analogous band in
pyrimidine is less intense by a factor of two.

Starting at around 6.42 eV, we also notice a series of subtle
structures spaced by around 0.10 eV in the spectrum of 2CIPyr,
which could be a vibrational progression of another excited
state, possibly the 'B; [n*(b;) « n.(a;)]. No such structures are
visible in the case of 2BrPyr. This can be related to the presence
of excited states of the of, dissociative character in this
region,> whereas the analogous ¢}, states only occur at higher
energies. Thanks to non-adiabatic couplings to ¢* dissociative
states, otherwise sharp features associated with nearby states
are broadened to a lesser or greater extent.
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For this band we find a noticeable improvement from the
vertical approximation to the NEA, as they yield a band max-
imum at 6.29 eV and 6.14 eV, respectively, the latter being very
close to the experimental value of 6.18 eV. Furthermore, the
cross-section at the band maximum calculated with the NEA
lies within the ~10% error bar of the experiment, whereas the
vertical approximation largely overestimates it.

3.4. The 6.8-8.2 eV photon energy range (Band IV)

This region comprises the most intense absorption features of
2ClPyr, 2BrPyr, and pyrimidine, which are shown in Fig. 7. Two
distinct features can be seen in the spectrum of 2CIPyr. The
first extends from around 6.8 eV to 7.6 eV, with a maximum at
7.15 eV. The 'A; [n*(a,) « m(a,)] excited state has the largest
oscillator strength in this region and should contribute the
most to this feature, followed by a smaller contribution from
the "B, [n*(by) « m(ay) + ©*(as) « mcy(by)] state (see Table 1).
The second feature of 2ClPyr lies between 7.6 and 8.2 eV,
peaking at 7.93 eV. It is dominated by the 'B, [n*(a,) < 7nci(by)

This journal is © the Owner Societies 2025

+m*(b,) « m(a,)] excited state, whereas other states, like the "A;
[t*(by) < mci(by)], should contribute to a lesser extent. In this
energy range, there are marked differences among the spectra
of both halogenated molecules and pyrimidine. In the latter, a
single broad band stands out, which originates from the super-
position of two bright excited states. The 'A; lower-lying bright
state has a n*(a,) < n(a,) dominant character with some n*(b,)
« m(b;) character, whereas the higher-lying 'B, bright state has
a n*(b;) « n(a,) dominant character with some n*(a,) < n(b;)
contribution. Halogenation introduces excited configurations
of n*(b;) « mcyer(b1) and w*(a,) <« meye(by) character, which
strongly mix with the above configurations. The lower-lying A,
state of pyrimidine is redshifted upon halogenation, account-
ing for the first feature of 2CIPyr, centred at 7.15 eV, and of
2BrPyr, at 7.09 eV.>> It preserves its n*(a,) < n(a,) dominant
character while acquiring some *(b;) < mcys:(b;) character. In
turn, the higher-lying 'B, state of pyrimidine mixes more
strongly with other configurations (see Table 1 and Table S2
of the ESIt), giving rise to the second feature observed in 2CIPyr
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(at 7.93 eV) and 2BrPyr (at 7.68 eV). For both halogenated
molecules, the 'B, [n*(a,) « mcys(by) + ©*(b1) « m(a,)] excited
state accounts for this feature, with the largest n*(a,) « ncy(b,)
contribution for 2CIPyr probably being related to the higher
energy of this feature, in comparison to that of 2BrPyr. Further-
more, the higher vertical excitation energy calculated for 2CIPyr
suggests that the second feature of 2BrPyr (lower-lying in
energy) originates from the 'B, bright state. The third and
higher-lying feature, at 8.05 €V, would be explained by two A,
mixed Rydberg-valence excited states.””

Besides the major differences in shape, another clear differ-
ence in the spectra lies in the absence of very sharp and
pronounced peaks for the halogenated species, only seen for
pyrimidine. These structures are signatures of Rydberg states,
characterized by excitation into diffuse orbitals. For the halo-
genated compounds, however, much weaker features are
observed embedded in their absorption bands.

Looking back at Table 1, the theoretical calculations for
2CIPyr predict a very weak 'B, [3s(a;) < n_(b,)] transition at

9696 | Phys. Chem. Chem. Phys., 2025, 27, 9687-9701

and 2-bromopyrimidine®® (purple), and, at the bottom, with TDDFT calculations performed within the NEA (dashed red) and the vertical

7.04 eV, and a stronger "B, [3s(a;) « n(by)] transition at 7.12 eV.
Vibrational progressions of the latter Rydberg state might
account for the several weak features seen between 7.0 and
7.4 eV. A similar conclusion had been reached for 2BrPyr,>>
where the small peaks observed between 7.0 and 7.1 eV were
suggested to arise from vibrational progressions of the 'B;
[3s(a;) « m(b;)] Rydberg state (calculated at 7.00 eV). This is
further supported by the difference in the corresponding ver-
tical excitation energies, of 0.12 eV, consistent with the experi-
mental difference between the peaks of each molecule. In
pyrimidine, the analogous 'B, [3s(a;) « n_(b,)] state appears
at 6.75 eV in our calculations and would account for some of
the sharp peaks starting at 6.421 eV.'? In turn, the 0-0 transi-
tion of the "B, [3s(a;) « n(b,)] state has been assigned to a peak
at 7.442 eV,"? whereas its vertical energy is found at 7.32 €V in
our calculations. The oscillator strengths for the two lower-lying
Rydberg transitions of the three molecules are comparable and
thus cannot account for the absence of sharp structures for the
halogenated species.

This journal is © the Owner Societies 2025
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Interestingly, the next two Rydberg transitions of pyrimidine
display much larger oscillator strengths. The 'A; [3p,(b,) < n_(b,)]
and "B, [3pJ(a;) « n_(b,)] states were obtained at 7.35 €V and
7.39 eV in our calculations, with oscillator strengths of 0.11 and 0.05,
whereas their 0-0 transitions would be at 6.977 eV and 7.056 eV
according to ref. 12. Halogenation significantly reduces their oscilla-
tor strengths, most notably for the former state, which decreases by
one or two orders of magnitude. This could help to explain the lack
of sharp features in the spectra of 2CIPyr and 2BrPyr.

Moreover, while halogenation preserves the character of the
'A; [3py(bs) < n_(b,)] state, the 'B, state acquires some
01/ 0%, < n_(by) valence contribution to its 3p,(a;) « n_(b,)
Rydberg character. This dissociative element is expected to sup-
press vibrational progressions, thus broadening the signature of
the transition in the spectrum. In addition to this Rydberg-valence
mixed state, several other states having ¢, /a7, or ngy/ng, dominant
character can be seen in the calculations (see Table 1 and Table 1 of
ref. 52), as low as 6.98 eV in 2CIPyr and 6.34 eV in 2BrPyr.”* These
states clearly have no parallel in pyrimidine. Vibronic couplings to

View Article Online
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these halogen-specific states would be expected to broaden the typically
pronounced peaks associated with Rydberg transitions, which could
also play a role to explain the absence of sharp peaks in the spectra.
A comparison between the experimental and calculated
spectra is also shown in Fig. 7. Compared to the vertical
approximation, the superior accuracy of the NEA is striking.
Regarding the energy of the maximum, the first feature is
displaced from 7.41 eV (vertical) to 7.28 eV (NEA), reducing the
gap to the experiment (7.15 eV) by a factor of two. A similar
improvement is observed for the second feature, which shifts from
8.19 eV (vertical) to 8.04 eV (NEA), with experiment at 7.93 eV.
Furthermore, the cross-sections decrease in magnitude with the
NEA, in comparison with the vertical result, thus bringing the
calculated spectrum substantially closer to the experimental one.

3.5. The 8.2-10.8 eV photon energy range (Band V)

The results for the last energy range are compared in Fig. 8.
The measured spectrum of 2ClPyr is extremely rich. A few
features that stand out include the peak at 8.95 eV, the broad
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Fig. 8 Band V of the experimental photoabsorption cross-sections of 2-

chloropyrimidine (green), compared, at the top, with those of pyrimidine®?

(grey) and 2-bromopyrimidine®? (purple), and, at the bottom, with TDDFT calculations performed within the NEA (dashed red) and the vertical

approximation (dotted red).
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enhancement between 9.2 and 9.8 eV, and the two very narrow
and closely-lying peaks at 9.609 and 9.618 eV. The many excited
states in this energy range and the overall worse comparison
with the calculated spectrum make any assignment of the
structures extremely challenging. While the narrow features
are likely due to Rydberg states, their relatively high energies do
not allow us to confidently confirm the nature of the transition.

In this region one finds major differences among the spectra
of the three molecules. Pyrimidine has the lowest cross-
sections, which increase in magnitude with the halogen atomic
number. In addition, the very fine structures seen for pyrimi-
dine, assigned to overlapping series of Rydberg excited states'>
are suppressed upon halogenation. This probably reflects a
stronger mixing between Rydberg and valence excitations in the
halogenated species, which is supported by the present calcula-
tions for 2CIPyr and previous results for 2BrPyr,** in addition to
vibronic couplings to ¢* dissociative states. In turn, the spectra
of the halogenated species are overall richer, displaying many
features of varying characteristics, whereas the spectrum of
pyrimidine is significantly flatter. Transitions involving ¢*
orbitals centred at the carbon-halogen bond are found in the
calculations, which have no parallel in pyrimidine. Even
though they certainly play a role, we do not attempt to interpret
the origin of the many peaks.

Looking again at Fig. 8, we can see that the NEA produces
cross-sections in overall closer agreement with experiments than
the vertical approximation, as far as the magnitude is concerned.
However, the improvement is not as noticeable as for the lower-
lying bands, since the shape of the band is not very well
reproduced. On the one hand, this could be due to limitations
of the present TDDFT calculations in describing the excited
states found at this energy range, including higher-lying Rydberg
states and doubly-excited states. On the other hand, the less
satisfactory agreement at higher energies could reflect a worse
performance of the NEA. In this energy range, the high density of
states should favour significant vibronic coupling effects, only
partially accounted for in the NEA. It is not obvious whether the
observed discrepancies arise mostly from limitations of the
electronic structure method or of the nuclear model.

4. Conclusions

In summary, here we have reported a combined experimental-
theoretical investigation on the VUV spectroscopy of 2ClPyr.
From the experimental side, absolute photoabsorption cross-
sections are reported for the first time, in the 330 nm (3.757 eV)
to 115 nm (10.781 eV) spectral range. From the theoretical side,
the excited states were described with TDDFT calculations,
which were employed within the vertical approximation and
the NEA to provide calculated photoabsorption cross-sections.

Going beyond the vertical approximation through the NEA
considerably improved the agreement with the experimental
result. This was observed for the shape and magnitude of the
cross-section profile. Importantly, we found that the NEA out-
performs the vertical approximation throughout the wide
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energy range covered here. Yet, the region above ~8 eV remains
challenging and would require a more accurate description of the
underlying excited states. Furthermore, the NEA may become less
reliable at higher energies due to the increasingly congested
vibronic couplings, only approximately described in this approach.
More systematic comparisons across different electronic structure
levels of theory and different treatments for the nuclear degrees of
freedom are left as perspectives for future work.

A key finding is that the halogen atom plays an increasingly
larger role in the photoabsorption spectra as the photon energy
increases. Starting with band I (3.7-4.6 eV), we found very
similar profiles for 2CIPyr, 2BrPyr, and pyrimidine, with differ-
ences limited to the fine vibrational structures, relatively well
reproduced with FCHT calculations. Band II (4.6-5.7 eV) of the
three molecules is also similar in shape, but is red-shifted upon
halogenation. Even larger red-shifts are seen for band III (5.7-
6.7 eV), which are also more intense in the halogenated species.
Photoabsorption is most likely at band IV (6.7-8.2 eV), where the
spectra of the three species become qualitatively different.
Because of specific mixing of n* « =n configurations, the single
broad feature of pyrimidine splits into two in 2CIPyr and 2BrPyr.
Moreover, the very rich sharp structures observed for pyrimidine
disappear in the halogenated species, which could arise from a
broadening induced by vibronic couplings with halogen-specific
excited states and from the reduced oscillator strength of some
Rydberg transitions. At the highest energies surveyed here,
labelled band V (8.2-10.8 eV), the cross-section profiles no longer
share any obvious resemblance. Comparing the spectra of the
two halogenated pyrimidines, they also become progressively
more dissimilar as the energy increases. At lower energies, the
difference is less striking than that found between pyrimidine
and either 2CIPyr or 2BrPyr. In contrast, the three spectra are
similarly uncorrelated at higher energies. Therefore, not only
halogenation plays a larger role at higher energies, but also
photoabsorption becomes remarkably halogen-specific.
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