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Recent observations of chloromethane in interstellar environments suggest that other organohalogens,
which are known to be critically important in Earth’s atmosphere, may also be of significance beyond
our own terrestrial veil. This raises the question of how such molecules behave under extreme
conditions such as when exposed to vacuum ultraviolet (VUV) radiation. VUV photons promote
molecules to highly excited states that fragment in non-statistical patterns controlled by the initial
femtosecond dynamics. A detailed understanding of VUV-driven photochemistry in complex organic
molecules that consist of more than one functional group is a particularly challenging task. This
quantum chemical analysis reports the electronic states and ionization potentials up to the VUV range
(6—-11 eV) of the chlorine-substituted cumulenone series molecules. The valence and Rydberg properties
of lone-pair terminated, n-conjugated systems are explored for their potential resonance with lone pairs
from elsewhere in the system. The carbon chain elongation within the family CIHC, O, where n = 1-4,
influences the electronic excitations, associated wavefunctions, and ionization potentials of the mole-
cules. The predicted geometries and ionization potentials are in good agreement with the available

Received 4th April 2020, experimental photoelectron spectra for formyl chloride and chloroketene, n = 1-2. Furthermore, com-

Accepted 7th May 2020 parison between the regular cumulenone species and the corresponding chlorinated derivatives exhibit
DOI: 10.1039/d0cp01835; similar behaviors especially for n = 3, where the allene backbone in propadienone chloride is severely

bent. Most notably for the excited states is that the Rydberg character becomes more dominant as the
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1 Introduction

Most small molecules concentrate their oscillator strength in
the vacuum ultraviolet (VUV)," and a detailed knowledge of
the corresponding excited states is critical to understanding
photophysics and photochemistry in environments containing
both appreciable VUV photon flux and significant molecular
density. Such environments include circumstellar dust clouds,
the upper portions of planetary atmospheres, and the immediate
vicinity of high-energy transient phenomena such as lightning
strikes or explosions.>™* For example, on our own planet,
incident VUV flux interacting with molecular flux from below
influences the ionosphere-thermosphere coupling.>® Addition-
ally, in exoplanetary atmospheres, VUV-driven photochemistry
can produce nonequilibrium chemical compositions that may

“ Department of Chemistry, University of Colorado Boulder, Boulder, Colorado,

USA. E-mail: Quynh.L.Nguyen@colorado.edu
b Department of Chemistry & Biochemistry, University of Mississippi, University,

MS 38677-1848, USA
t Electronic supplementary information (ESI) available: Additional details of
calculations and Cartesian coordinates. See DOI: 10.1039/d0cp01835j
i Present address: Physical Chemistry and Applied Spectroscopy, Los Alamos
National Laboratory, Los Alamos, New Mexico 87545, USA.

1838 | Phys. Chem. Chem. Phys., 2020, 22, 11838-11849

energy increases, with some retaining valence characters.

otherwise be interpreted as biosignatures.” In protoplanetary
disks, a deeper understanding of how complex molecules form
in the presence of an overwhelming VUV photon flux is of critical
importance to modeling the chemical composition of nascent
planetary atmospheres.®®

In small polyatomic molecules, the energy range from about
5 or 6 eV up to the ionization threshold, roughly 10 eV, presents
particular challenges both experimentally and theoretically.'*"*
In this energy range, molecules display both highly-excited
valence states and low-lying Rydberg states, often strongly
mixed with each other. These states generally lead to a cascade
of non-statistical fragmentation with branching ratios domi-
nated by early-time (femtosecond) dynamics. Detailed knowl-
edge is hard to come by, however, as large densities of states
and highly diffuse wavefunctions make ab initio calculations
prohibitively expensive. Experimentally, the same large densi-
ties of states combine with short lifetimes to cause congested
spectra that require nonlinear spectroscopic techniques to
interrogate, but convenient and flexible laser sources have only
recently become available.

Previous results, both experimental and theoretical, on
initial femtosecond dynamics and their influence on the relaxa-
tion of VUV excited states have pointed toward a critical role
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played by Rydberg-valence mixing. Experiment and high level
calculations on ethylene have indicated that the n* « n quickly
transfers to the 3s-Rydberg state within less than 10 fs through
ultrafast internal conversion and then transfers back to the
valence state within 60 fs.">"? Ultrafast photoelectron spectroscopy
on the nitrogen-containing heterocycles pyrrole, N-methyl pyrrole,
and 2,5-dimethyl pyrrole has indicated the 3p-Rydberg state is
populated for tens of femtoseconds before Rydberg-valence mixing
allows access to conical intersections that drive electronic
relaxation."®  Ultrafast photoelectron-photoion coincidence
measurements combined with high-level calculations have revealed
strong nonadiabatic behavior as well as Rydberg-valence mixing
both play key roles in highly excited states of methyl azide, further
emphasizing the difficulty of such studies.'®

As more complex molecules are considered, there is an open
question of what may happen when multiple Rydberg series
built on different ionization centers are present. For example,
in an organic molecule with two functional groups present,
Rydberg series converging to ionization from the two different
groups may both exist. Interestingly, a near-degeneracy between
low-n Rydberg states of different series would be quite common.
Using typical quantum defects [0 is about 1 for an s-wave and ¢ is
about 0.5 for a p-wave'>"'], we would expect HOMO — 3p and
(HOMO—1) — 3s to be within a few tenths of an electronvolt
anytime the first two ionization potentials are separated by
1-1.5 eV, which is a reasonably common situation for organic
molecules."” In the presence of these near-degeneracies, we
may expect significant mixing between different Rydberg series,
either by directly coupling to each other (similar to hole-mixing
or non-Koopman'’s effects in photoelectron spectra) or by both
coupling to the same valence state. Indeed, exactly this sort of
situation was observed in methyl azide'® where the excited state
consisted of two diabatic Rydberg states and a diabatic valence
state (n“b — 3p, 6cy — 3s and 6¢cy — o©*). Such mixing has
been noted in a few molecules, including CO, O,, N,, and HN3,
but the phenomenon has not been extensively explored.'®*

Formyl chloride (CICHO) - a derivative of formaldehyde with
a hydrogen replaced by chlorine - presents a potential proto-
type for VUV photophysics in the presence of two sets of
Rydberg series. It contains two distinguishable ionization
centers - lone pairs on the oxygen atom and those on the
chlorine atom - that appear relatively localized in the photo-
electron spectra®” but whose Rydberg states are likely to appear
in near-degeneracies. Furthermore, the species is known to
play an important role in terrestrial photochemistry**>” and
due to recent observations of chloroalkanes in the interstellar
medium®®*73? may be expected to exist in a variety of astro-
chemical settings, indicating that its VUV excited states are not
merely of theoretical interest.

In Earth’s atmosphere, CIHCO is a relatively transient mole-
cule that has been the subject of many high resolution infrared
and microwave spectroscopic studies due to its significant
contributions to tropospheric and stratospheric pollution.>® It
is typically observed under tropospheric conditions as a major
product of reactions between chlorinated species with volatile
organic compounds - isoprene with Cl atoms,>* H,O radical
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with CHCL,0,>>?® and OH radical with vinyl chloride or
trichloroethene.>” Additionally, formyl choride is either a major
product or an intermediate in atmospheric breakdowns of
Cl-bearing hydrocarbons that are, in turn, major players in
the degradation of the ozone layer. From here, theory predicts
that CICHO can dissociate via CI-C bond cleavage via the
internal conversion or intersystem crossing from the lowest
singlet and triplet states.* It may also reacts with H radicals to
either produce CICO + H, or CICO + HCI, where the hydrogen
abstraction channel dominates.”® Some of these are among the
most dominant and reactive species in the atmosphere, and
thus, understanding the photophysical properties of formal
chloride could potentially yield insights in pollutant mitigation
within the ozone layer.

Considering the abundance of extended linear chains that have
been detected in interstellar and circumstellar environments,**”
we extend our analysis from formyl chloride to longer cumulenone
chlorides. Although these species have not yet been detected, the
non-chlorinated cumulenene ketone species — formaldehyde
(H,CO), ketene (H,C—C—O0), propadienone (H,C—C—C—0O0),
and their corresponding radicals post hydrogen cleavage
(HC,0) - have been detected in the atmosphere®**® and inter-
stellar clouds.**™*> The dehalogenated radicals of these species
have also been discovered in laboratory settings with some also
observed in the ISM, suggesting that reactions similar to those of
formyl chloride are certainly possible in similar conditions.****
These cumulene neutrals and radicals are bathed in a chlorine
environment, which may eventually lead to the formation of
chlorinated cumulenones via

HC,0 + Cl, —» CIHC,O + Cl.

Following the same scheme, CIHCO and Cl have been produced
exclusively with no byproducts, where formaldehyde radicals,
HCO, were generated via photolysis.***>

Beyond our own atmosphere on Earth, chlorinated organics have
been observed on Mars by the Viking and Curiosity landers,***° and
also the interstellar medium (ISM).**?> Particularly, haloalkanes
have recently been detected in star-forming regions where the
UV photon flux is relatively high. Most notably, chloromethane
recently became the first Cl-bearing organohalogen reported in
the triple protostar system IRAS 16293-2422 where photo-
chemistry is highly likely to influence the surrounding
chemistry.”> In environments with both chloroalkanes and
oxidizing species, such as Martian soil, we may suspect similar
chemistry as that observed in Earth’s atmosphere, including
the possible presence of formyl chloride.>*>*:>°

In this paper, we calculate ground state geometry, vertical
and adiabatic ionization energies, and vertical excitation
energies including in the VUV region for formyl chloride. We
extend the analysis on CICHO to its related species with
elongated allene chains: chloroketene (CIHC—C—O0, CIHC,0),
propadienone chloride (CIHC—C—C—O0, CIHC;0), and buta-
trienone chloride (CIHC—C—C—C—0, CIHC,0). We compare
our predicted geometries and excited state properties to experi-
mental data in cases where measurements are available. Our
findings represent an important step toward understanding the
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interaction between different functional groups in VUV-induced
photophysics and photochemistry of complex molecules, which
is already strikingly non-statistical even in simpler molecules.

2 Computational methods

The CFOUR’" and PSI4>> computational packages are employed
for all calculations with several correlation consistent basis sets.*®
The ground state neutral geometries are optimized through
density functional theory (DFT) with the B3LYP functionals,>**°
second-order Moller-Plesset perturbation theory (MP2),>® and
coupled cluster theory at the singles, doubles, and perturbative
triples (CCSD(T))*” levels of theory with the d-aug-cc-pV(T+d)z"®
basis set. All minima are confirmed with harmonic vibrational
analysis at the corresponding levels of theory, which yield all real
frequencies. CIHC,O geometry optimized at the CCSD(T) level,
however, yields one imaginary frequency that will be discussed
later. Vertical (VIE) and adiabatic (AIE) ionization energy calcula-
tions of all species are computed via equation of motion -
ionization potential - coupled cluster singles and doubles
(EOMIP-CCSD)**"*" with the aug-cc-pVIZ and d-aug-cc-pVTZ
basis functions. The AIEs for CIHCO, CIHC,O, and CIHC;O are
also computed with the d-aug-cc-pV(T+d)Z basis.

Vertical excitation energies are calculated at the EOM-CCSD®*%*
level with multiple basis sets, including correlation consistent
and Ahldrich’s basis sets.®*®® Extra diffuse functions are added
to the d-aug-cc-pV(T+d)Z and t-aug-cc-pV(T+d)Z implemented
in PSI4 in an even-tempered manner used previously for
excessively diffuse basis sets of anions.®®™®® These bases are
used for all single point calculations to fully account for the
diffuseness of the electron density in potentially highly-diffuse
states around the molecule. Additionally, since the computa-
tional cost scales up with the size of the molecule, a set of 6s,
6p, 2d diffuse functions located about the center-of-mass are
utilized in conjunction with the aug-cc-pVDZ and aug-cc-pVTZ
basis sets to compute the excited state properties of all four
systems®®’%7! and are written in shorthand as DZ+spd and
TZ+spd. While f orbitals does not directly appear in any of the
LCAO-MO analyses here, these additional functions give a more
complete basis set and produce more accurate energies as
shown previously in Peters et al.'®

In order to characterize the excited states, a MATLAB script
is written to take linear combinations of virtual t-aug-cc-
pV(T+d)Z molecular orbitals that participate in the transition
with the coefficients given by EOM-CCSD calculations. A python
script is used in complement with VMD1.9.3 to visualize the

View Article Online

Paper

52,72

transition orbitals for each excited state. A complete set of

excited state orbitals for each molecule can be found in the ESI.}

3 Results and discussion
3.1 Ground state equilibrium geometries

A CHCI capping group breaks the symmetry of the cumulenic
chain and yields a Cs symmetry for all the Cl-cumulenone
molecules analyzed in this study. In these species, the mgo
orbital is in-the-plane with the CHCI group for the even n and is
out-of-plane for the odd n species. While n = 1-2 have been
reported in a few microwave spectroscopic studies, n = 3-4 have
not been explored. The CCSD(T)/d-aug-cc-pV(T+d)Z ground
state equilibrium geometries of CIHCO and CIHC,O compare
well to the corresponding microwave spectroscopic measure-
ments (Table 1 and Fig. 1).””*® The computed and measured
bond lengths agree to better than 0.01 A for CIHCO and 0.008 A
for CIHC,O, with r¢c relatively yielding the largest discrepan-
cies in both molecules. Theory and experiment are in better
agreement for the bond angles of CIHC,O than CIHCO with
discrepancies being less than 0.14°. While a similar difference
is shown for CIHCO, 0y is an exception as the reported value
is 2.80° higher than predicted at 123.490°.

Table 1 shows slight overall variations between the bond
lengths and angles across the four systems, but there appear to
be no particular patterns displayed in correlation with the
carbon chain elongation. Although CIHC;0 and CIHC,O geo-
metries are not in the literature, the corresponding cumulene
ketones have been reported. Notable differences are shown for
Oocc and HC«/f»,- in CIHC;0 as compared to the rest of the series,
where the angles are 168.992° and 138.508°, respectively. This
indicates a pronounced bending at Cg, where this bend is
defined in Fig. 1, and another nonlinearity at C, leading to
the oxygen atom. The large deviations from linearity in the
carbon chain is also reported for propadienone by previous
experimental studies with Oocc = 144.5° and 0, = 169.4°,7%74

The even n molecules, CIHC,0 and CIHC,O, exhibit linearity
in the plane (Fig. 1). Unlike propadienone, the structure of
butatrienone remains controversial as nonlinearity is predicted
in some studies while others suggest linearity in the cumulenic
chain.”®”® This present study predicts a slight favor towards the
Cs symmetry with a minor bend on Cy out-of-plane for CIHC,O.
This might be due to its floppy backbone with an anomalous
low stretching frequency within the range of 54-139 cm ™!,
depending on the levels of theory employed. This behavior will
be discussed later on in the section.

Table 1 Theoretical bond lengths (A) and angles (°) of the cumulenone chlorides optimized at CCSD(T)/d-aug-cc-pV(T+d)Z). The corresponding

microwave experimental measurements*’48

are reported in parentheses underneath

T'cel 'cH T'co Tc,, Tcy, Tc,, Bcicercico Oncal Oocc GCW
CIHCO 1.770 1.095 1.189 123.490 110.318

(1.760) (1.096) (1.188) (126.29) (110.38)
CIHC,0 1.734 1.077 1.167 1.323 119.674 119.436 179.819

(1.726) (1.082) (1.161) (1.316) (120.9) (119.3) (180)
CIHC;0 1.742 1.083 1.166 1.315 1.329 125.382 111.244 168.992 138.508
CIHC,O 1.734 1.080 1.172 1.288 1.278 1.320 121.142 116.253 179.948 179.530
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119.67° 179.82° D
(120.9°)  (180°)

121.14° 179.96° 179.53° 179.95°

Fig. 1 Calculated neutral ground state geometries of cumulenone chlorides:
geometry optimizations are done at CCSD(T)/d-aug-cc-pV(T+d)Z for (A) formyl
chloride, (B) chloroketene, (C) propadienone chloride, and (D) butatrienone
chloride. Corresponding microwave spectroscopic measurements are
shown in parentheses for (A and B).*748

In any case, the replacement of H by Cl overall yields little
effect on the ground state structure of the cumulenic chains
as the odd and even n both qualitatively resemble the corres-
ponding cumulenones. Such behavior is likely due to the minor
contribution from Cl to the n-conjugation and, as such, leads
to a small influence to the system. As a result, the oxygen lone-
pairs dictate the nature of the backbone as seen in the case of
CH,O0. Finally, the bending in both cases occur at Cg, owing to
the alternating triple-single-bond resonance structures where
the oxygen lone-pair donates and creates a triple bond on C,
and a lone-pair on Cp.

As compared to chloroketene, a pronounced bending on the
beta carbon of propadienone chloride is predicted, indicating that
the carbene character plays a more dominant role. On the other
hand, propadienone has been known for its peculiar structure
where an in-plane nonlinearity is observed in the allylic carbon
chain.”” Despite being the most abundant species observed
experimentally relative to the other two [H,,C;,0] isomers—
cyclopropenone (c-C3H,0) and propynal (HCCCHO)—its detec-
tion is only limited to the laboratory.”* This could simply be
due to a lack of interstellar data for its spectral signatures. The
experimental structure of propadienone has been determined
based on ground state microwave spectra of its various isotopes,
where pronounced bending is reported for C, and Cyz with
Oc 4C,0 = 169.4° and 9(31(3”(37 = 144.5°. These measurements are
confirmed with ab inito studies, varying from single-reference
approaches such as B3LYP and the MP perturbation series to
multi-reference approaches including QCISD and CASSCF.””""®
Similar results are also found for its radical, HCCCO, where the
non-linearity is experimentally observed for C, and Cg, with
angles 163° and 136.5°, respectively.** As mentioned above, the
structure of CIHC;O qualitatively resembles propadienone
and its radical, where the molecule is nonlinear at C, and Cy
with 90/,010 =169.0° and GC}_CﬁC“ = 138.5°. Additionally, Oycc of
CIHC;0 is 11° less than fycy of propadienone, which results
from the high electron density surrounding Cl that hinders it
from the oxygen atom as well as the cumulenic chain. The
peculiar structure of CIHC;O arises likely due to the delocalization

This journal is © the Owner Societies 2020

View Article Online

PCCP

of the in-plane m conjugation on Cg as has been observed for
propadienone.”® The electronic structure maintains the num-
ber of in-plane bonding orbitals between CIHC,0 and CIHC;0,
but the relocation of the oxygen atom destabilizes the longer
chain structure.

While propadienone possesses an in-plane nonlinearity,
butatrienone is known to exist in competing symmetries of
C»v and C, with both in-plane and out-of-plane bending at Cg.
However, studies by microwave spectroscopy and IR Argon
matrix analysis conclude that C,, is the dominant form.”> The
barrier between the linear and nonlinear geometries is approxi-
mately 0.0184 eV (148.4 cm™ ') theoretically and 0.00521 eV
(42 em™") experimentally.”** The energy barrier from C, and C,, is
evidently less than the Boltzmann factor at room temperature,
0.024 eV, allowing both configurations to be populated at ambient
temperature. MP3/6-31G** suggests that this molecule has a flat
potential along the carbon backbone for the out-of-plane bent
geometry that results from the molecule undergoing large ampli-
tude motions.* A recent study also shows that MP2/cc-pVTZ favors
the C,, while the DFT methods and CCSD/cc-pVIZ prefer the C,,
symmetry.®!

Here, the CCSD(T)/d-aug-cc-pV(T+d)Z linear ground state
equilibrium geometry for CIHC,O yields an imaginary harmonic
vibrational frequency corresponding to an out-of-plane bending
mode at 77.6 cm™ ', B3LYP and MP2 computations, using the same
basis set, yield a linear geometry for the lowest energy configu-
ration that are confirmed with harmonic vibrational analyses with
all real frequencies. The same out-of-plane bending frequency is
computed by B3LYP and MP2 to be 65.1 cm™ ' and 138.9 cm™/,
respectively. Such low stretching frequencies are indicative of the
soft backbone in Cl-butatrienone that potentially allows it to
interchange between nonlinearity and linearity.

In an attempt to explain this behavior, electronic ground
state potential energy surfaces (PES) are computed with the
d-aug-cc-pV(T+d)Z basis set at the CCSD(T), MP2, and B3LYP
levels of theory. The energies are calculated as a function of the
Oc,,, using the CCSD(T) optimized geometry, where the bond
angle is varied out-of-plane around its linearity at 180° with
steps of 1.5° (Fig. 2). As observed in regular butatrienone, the
energy barriers between the two configurations calculated at
CCSD(T) and MP2 are relatively small, 0.001904 eV (15.65 cm ™)
and 0.000192 eV (15.46 cm '), respectively. B3LYP, however,
misses the barrier and predicts linearity to be the optimum
configuration. The left panel of Fig. 2 shows that CIHC,O
undergoes large amplitude motions, which result in a double
well or a flat potential energy surface as predicted in butatrie-
none. Regardless, the marginal energy differences indicate that
CIHC,O essentially interchanges between the linear and
the out-of-plane C; configurations even at most interstellar
temperatures above 20 K.

3.2 Ionization energies

The vertical ionization energies (VIE) computed with the two
basis sets, aug-cc-pVTZ and d-aug-cc-pVTZ, agree to 0.003 eV,
indicating the diffuseness of the basis set beyond such a level
does not influence the VIEs for the systems since these are pure

Phys. Chem. Chem. Phys., 2020, 22, 11838-11849 | 11841
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Fig. 2 Ground state potential energy curves of butatrienone chloride: (A) out-of-plane bending mode of CIHC,O computed at the CCSD(T), MP2,

and B3LYP/d-aug-cc-pV(T+d)Z. The geometries associated with the minima and the local maximum are shown. CCSD(T) predicts a 15.357 cm™

1

(0.001904 eV) the energy barrier from linear to bending mode. (B) In-plane bending mode of CIHC4O calculated at the same levels of theory, where the
corresponding minimum geometry is displayed. All potential energy curves are rescaled to zero minimum, where MP2 and CCSD(T) are 226 500 and

224253 cm~* above B3LYP, respectively.

Table 2 Vertical and (adiabatic) ionization energies (eV) of cumulenone chlorides with the corresponding newly creating singly-occupied orbital
assignment computed at EOM-IP-CCSD level with aug-cc-pV(T+d)Z basis set in comparison with experiment.227° Vertical ionization energy calculated

with d-aug-cc-pV(T+d)Z basis set are shown in the ESI

CIHC=O0 CIHC=C=0 CIHC=C=C=0 CIHC=C=C=C=0

Sym. Theor. Expt Sym. Theor. Expt Sym. Theor. Sym. Theor.

13a’ 11.673 11.61 £+ 0.01 4q" 9.477 9.30 £ 0.05 19a’ 9.735 5a" 8.735
(11.498) (11.51 £ 0.01) (8.938) (9.11 £ 0.03)

3a” 12.505 12.38 £+ 0.03 15a’ 12.261 12.20 £+ 0.03 18a’ 10.782 20a’ 11.536

12a’ 12.531 12.46 £+ 0.03 3a” 13.244 13.19 £+ 0.03 4a” 12.229 4a" 11.885

2a" 15.712 15.28 £ 0.01 14a’ 14.854 14.70 £ 0.05 17a 13.639 194’ 12.008

valence structures (Table 2). In CIHCO, the lowest IE corre-
sponds to the removal of an electron from the oxygen lone pair
(no), followed by the chlorine lone pairs from out-of-plane
(nc1 (@”)) and in-plane (n¢ (@')), and the & orbital (n,) (Table 2).
The two molecular planes are denoted as a’ and a” for in-plane
and out-of-plane, respectively.

For formyl chloride, the lowest VIE, 11.673 €V, is 0.175 eV
higher than the AIE optimized at the same level of theory,
11.498 eV. Both calculated values are in good agreement with
the corresponding experimental measurements with 0.06 and
0.01 eV discrepancies for vertical and adiabatic transitions,
respectively.>” The IEng of CIHCO is slightly higher than formic
acid (HCOOH) and formaldehyde (HCOH), 11.33 and 10.88 eV,
respectively.®” The change in IE with respect to functional group
substitution is therefore on the order of CI > OH > H. The
exhibited pattern is due to the anti-correlation between the
amount of energy required for electron removal and the stability
of the cation formed post-ionization with respect to the neutral.
Evidently, the replacement of H by the more electronegative Cl
destabilizes the cation and increases the IE.

A larger difference, 0.5 eV, between the lowest VIE and AIE is
predicted for CIHC,O. Table 2 shows that the calculated VIEs

1842 | Phys. Chem. Chem. Phys., 2020, 22, 11838-11849

are comparable with experimental measurements with differ-
ences varying between 0.05 to 0.17 €V.”® The IEn, drops by
about 2.3 eV in CIHC,O as compared to CIHCO, which is likely
due to an elongation of the carbon-chain backbone enabling
delocalization of the electron hole along the extended carbon
chain, from O to Cy. The extension in the cumulenic chain also
results in the second ionization to originate from the Cl lone-
pair in the a’ plane instead of ¢” as in CIHCO.

With the exception of the first ionization, all of the succes-
sive ionizations for CIHC;O cost less energy than those com-
puted for CIHC,0. On the other hand, the cation of CIHC,O is
further stabilized with respect to the parent neutral. The first
ionization potential occurs at 8.735 eV, which is about 1 eV less
than that of CIHC;0. The elongation of the carbon chain again
lowers the energy of the cation by enabling delocalization of the
electron hole post ionization for even n molecules.

3.3 Vertical excitation energies

Small chlorinated molecules, such as chloromethane and
hydrogen chloride, are used to benchmark the adequacy of
the CI atom treatment in EOM-CCSD with different basis sets.
The results are shown in Tables S13 and S14 in the ESLf
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The excited state energies agree with the experimental measure-
ments to within 0.1-0.15 eV of experiment,**** which supports
the claim that this method is an appropriate choice. Moreover, the
Ty diagnostic confirms that EOM-CCSD provides adequate pre-
dictions for the excited states and multi-reference dynamical
treatments are not necessary. T; diagnostics are less than 0.02
for all species and particularly 0.016 for formyl chloride, which
satisfies the typical multi-reference character, 0.02, limit.® The
+spd technique®®”° also produces results that are comparable to
those of the d- and t-aug-cc-pV(T+d)Z for the CCSD(T), B3LYP, and
MP2 optimized geometries (refer to Tables S19, S22 and S25 in the
ESIt) indicating that its usage is also proper when necessary.

Furthermore, the method employed to compute the refer-
ence geometry is largely irrelevant. Vertical excitation energies
computed at the EOM-CCSD level with different basis sets for
the different optimized geometries are displayed in Fig. S4 in
the ESIt for each of the molecules in question. The corres-
ponding energies are reported in Tables S15-S27 in the ESL¥
The comparison of the EOM-CCSD/d-aug-cc-pV(T+d)Z excited
state energies computed for the three different optimized
geometries for each molecule is shown. The discrepancies are
largely insignificant being smaller than 0.1 eV for CIHCO,
CIHC,0, and CIHC,4O, and they are around 0.1 eV for CIHC;0.
The 3'A” state in CIHC;0 is an exception, which displays
apparent differences between the three methods with 6.205,
6.465, 6.371 eV for CCSD(T), B3LYP, and MP2, respectively. The
largest difference among different methods is 0.260 eV between
B3LYP and CCSD(T) for CIHC;0, but this is an outlier. Hence,
the choice of method for computing the reference geometry
does not have a notable effect on the excitation energy into
the VUV.

The EOM-CCSD vertical excitation energy decreases with
respect to the extension of the cumulenic chain for the transi-
tions originating from the plane as shown in Fig. 3. The A”
transitions in the cumulenone chloride series also adapt the
same pattern with an exception of CIHC;O. Excluding the
lowest A” excitation, promotion of an electron out of the plane
requires more energy for CIHC;0 than CIHC,O.

3.3.1 Formyl chloride. Chloromethane (CH;Cl) and formal-
dehyde (H,CO) are well investigated in both experiment and
theory. The lowest Rydberg state in CH;Cl starts near 7.75 eV®®
and that of H,CO at 7.09 eV,*»®” each having an effective
quantum number n* = (n — J) of about 2. Using vertical
ionization energies shown in Table 2 for CICHO, we expect a
Rydberg series converging to the first ionization energy to start
near 8.27 eV and a series converging to the second ionization
energy to start near 9.10 eV. While the Ahldrichs’s and correla-
tion consistent sets are largely self-consistent, the discrepan-
cies between corresponding transition energy between basis
classes are significant with differences from 0.02 eV to 1.61 eV
for higher-energy transitions. Since EOM-CCSD is a variational
method and the correlation consistent basis provide much
lower values for the energy levels, the correlation consistent
energies are concluded to be more reliable. Hence, the correla-
tion consistent basis sets are used to predict the properties of
the rest of the Cl-cumulenone series.
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Fig. 3 Excited state properties of cumulenone chlorides: vertical excita-
tion energies with the corresponding characters of formyl chloride,
chloroketene, propadienone chloride, and butatrieneone computed at
the EOM-CCSD/d-aug-cc-pV(T+d)Z level for the (top) out-of-plane and
the (bottom) in-plane transitions.

In CICHO, there is a non-negligible (0.085 eV) decrease in
the excitation energy computed with the aug-cc-pV(T+d)Z basis
set as compared to that from d-aug-cc-pV(T+d)Z for the 4'A’
state and higher. The energies converge when more diffuse
functions are added with the t-aug-cc-pV(T+d)Z basis as they
match the doubly augmented basis to the significant digits
reported here implying Rydberg-character in this state. This
trend continues for the higher-energy states of CICHO. As a
result, the following discussion will be based upon EOM-CCSD/
t-aug-cc-pV(T+d)Z results.

Consistent with the order of ionizations, the highest occu-
pied molecular orbitals (HOMO) is the oxygen lone pair,
no (13a’); (HOMO—1) is an out-of-plane chlorine lone pair,
ng (3a”); and (HOMO-2) is an in-plane chlorine lone pair ng
(12a’) (Fig. 4). The first transition at 4.951 eV is an nco* « o
transition, which is optically dark, where * orbital is localized
on the carbonyl with minor diffuse character on Cl (Fig. 5 and
Table 3). EOM-CCSD predicts the transition into the first
excited state, 1'A”, to be 4.951 eV, which is 0.089 eV lower than
the result computed with MRD-CI+Q/cc-pVDZ+spd, 5.04 eV.*
The EOM-CCSD energy, however, is closer to the gas phase
experimental measurement at 4.86 eV.*® The discrepancies
between EOM-CCSD and MRD-CI+Q/cc-pVDZ+spd vary from
0.083-0.916 eV, where the largest difference is for the 3'A"
state where, again, the present EOM-CCSD results are taken to
be more reliable from the previous and current (above) bench-
marks (Table S15 in the ESIt).

The next two lowest excited states, 1'A’ and 2'A”, share the
same electronic excitation character as 1*A” (Fig. 5), indicating
that these three come as a set of excitations out of degenerate p
orbital groupings from the chlorine atom. However, 1'A’ is
marginally brighter than the other two with f= 0.0191 due to
the population of electrons being excited not only from the n¢,
(@”) but also from the n¢; ('). This increases the orbital overlap
as well as the brightness of the transition. Meanwhile, the 1"A”
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Fig. 5 Excited state properties of formyl chloride: the vertical excitation
energies with the corresponding symmetry computed at EOM-CCSD/
t-aug-cc-pV(T+d)Z are shown on the left. The color code - blue, red,
green — distinguishes different sets of transitions. The excited state transi-
tion orbitals of each set are displayed on the right panel with the corres-
ponding color code. The molecular orbital isosurfaces are 0.03, 0.02,
0.01 €2 Bohr™* for the bottom, middle, and top group of transitions.

and 2'A” states have electrons excited out of ng (a’) and n¢, (a’)
orbitals to out-of-plane orbitals. The poor overlap between the
occupied and the virtual molecular orbitals renders these
transitions optically dark.

The next set of transitions, 3'A’, 4'A’, and 3'A”, share the
same o* electronic character with diffuse characters located on
Cl (Fig. 5). The 4'A’ state is the only bright transition with f=
0.3407, owing to the same symmetry excitation from ng (13a’) to
ocar*. These states are much closer in energy than the previous
set where the order of the orbitals out of which the excitation
occurs is reversed. Specifically, the lowest excitation originates
from n¢ (3a”), and the highest transition involves n¢; (13a’).

The Rydberg series of CICHO starts at 8.143 eV, close to the
8.27 eV point hypothesized above from comparing to the
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Table 3 Excited state energies of cumulenone chlorides computed at
EOM-CCSD level using ground state equilibrium geometries optimized at
CCSD(T)/d-aug-cc-pV(T+d)Z with Dunning’s basis sets where SA is the
state assignment, E is the vertical excitation energy in eV and f is the
oscillator strength. The last two columns report the energies and oscillator
strengths computed with t-aug-cc-pV(T+d)Z for CIHCO and CIHC,O and
aug-cc-pVTZ+spd for CIHCsO and CIHC,O

aug-cc-pV(T+d)Z d-aug-cc-pV(T+d)Z t-aug-cc-pV(T+d)Z

SA E f E f E f
HCIC—=0

1'A”  4.963 0.1824 4.951 0.0001 4.951 0.0001
2'A"  7.091 0.2606 7.069 0.0003 7.069 0.0003
1'A"  7.245 0.2663 7.216 0.0191 7.216 0.0191
2'A’ 8.166 0.3001 8.143 0.0617 8.143 0.0618
HCIC=C—0

1'A”  3.057 0.0000 3.057 0.0000 3.057 0.0000
2'A"  5.759 0.0043 5.749 0.0040 5.749 0.0040
3'A”  6.753 0.0015 6.692 0.0020 6.692 0.0020
1A/ 6.730 0.0019 6.729 0.0018 6.729 0.0018

aug-cc-pV(T+d)Z d-aug-cc-pV(T+d)Z aug-cc-pVTZ+ spd

HCIC—=C=C=0

1'A”  2.560 0.0002 2.559 0.0002 2.559 0.0002
1'A”  4.903 0.0813 4.902 0.0809 4.902 0.0812
2'A”  6.103 0.0000 6.103 0.0000 6.103 0.0000
3'A"  6.208 0.0023 6.205 0.0023 6.207 0.0023
HCIC—=C=C=C=0

1'A” 1731 0.0000 1.731 0.0000 1.731 0.0000
1'A" 4723 0.0431 4.722 0.0446 4.722 0.0431
2'A”  5.085 0.0001 5.085 0.0002 5.085 0.0001
3'A"  5.544 0.0016 5.516 0.0016 5.520 0.0016

quantum defects observed in the Cl-bearing and C=O-
containing species. This series is also the third trio of states
and consists of the 2'A’, 4’A”, and 5'A’ states. The 2'A’ and 4'A”
states lies 1 eV apart, where diffuse orbitals are localized around
the HCCI bond angle from Fig. 5. The 4'A” and 5'A’ states are
nearly degenerate at 9.099 and 9.097 eV with comparable oscil-
lator strengths of 0.0532 and 0.0485, respectively. Both of these
states are relatively dim as compared to the 4'A’. The 2'A’ state is
marginally brighter due to the same symmetry excitation and
better orbital overlap of the occupied and virtual orbitals.
Although they appear to be different, 5'A’ and 4"A” are topolo-
gically similar as they share similar valence character again
shown in Fig. 5. Thus the, 5'A’ fits in well with this set owing
to its electronic character. It is, however, much more diffuse with
an s-Rydberg present in the transition. The diffuseness leads to a
small discrepancy in the energies of the two states since diffuse
electron density tends to lower the energy of the state.®®

Since there is some valence character present in addition to
diffuse characters, this trio of states as well as the 5'A” state
provide for the lowest energy valence-Rydberg mixing transi-
tions as exhibited in Fig. 5. States 5'A’ and 5'A” have the most
prominent diffuse character of orbitals, where the 5'A’ state
exhibits s-Rydberg mixing at 9.097 eV and the 5'A” state shows
p-Rydberg character. The start of the Rydberg series in CICHO
is approximately 1.1 eV higher than the first member of the
Rydberg series in formaldehyde, which occurs at 7.08 eV.%”

3.3.2 Chloroketene. The aug-cc-pV(T+d)Z energies are
consistently 0.1 eV larger than the energies computed with
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the d-aug-cc-pV(T+d)Z basis up to 6'A” (Table 3). More details
can be found in Table S19 in the ESIL.f The energy gap between
the two bases rises to 0.5-0.6 €V starting at 7'A” (~7.9 eV) due
to the significant increase in the diffuseness of the electrons,
an indication of Rydberg character. This pattern is only pre-
dicted for states that are higher than 8 eV even though the
Rydberg series starts at 5.749 eV for 2'A”. This pattern is not
quite as pronounced in the case of CICHO where the largest
shift is approximately 0.2-0.3 eV. However, and like CICHO, the
t-aug-cc-pV(T+d)Z basis set is used for discussion here since the
properties are considered converged for such diffuseness.

The first transition of CIHC,O at 3.057 eV is 1.894 eV lower
than that of CICHO. 1*A/, 1'A”, and 6'A” form a trio of states
that, again, possess the same qualitative topology with electrons
being excited out of the n (4a”), nc (15a’), and n¢ o (3a”) orbitals
(Fig. 4). While 1'A” is completely dark, 1"A’ has a marginally
larger oscillator strength than the 6'A” state due to better overlap
from occupied and virtual orbitals of the same symmetry. The
energy of the 6'A” is lowered by 2.3 eV in CIHC,O as compared to
the corresponding transition in CICHO, allowing it to form a set
with 1'A’ and 1"A” instead of 2'A” in the case of CICHO. While
the 2'A” excitation only originates from = (4a”), the transition
into the 6"A” state involves participation from both the n (4a”)
and nc o (3@”) orbitals (Fig. 6).

Besides 3'A/, the rest of the chloroketene excited state
transitions are diffuse Rydberg mixing with valence character.
The Rydberg series starts with the 2'A” transition with electrons
being excited out of the n (4a4”) cloud, resulting in valence
orbitals mixing with an s-Rydberg localized on the C=O
bond (Fig. 6G). Meanwhile, 2'A’ at 7.102 eV is the lowest

This journal is © the Owner Societies 2020

Rydberg-valence state — with a p-Rydberg localized on Cg - for
the in-plane transitions. Rydberg character in chloroketene
starts at 2 eV lower than in formyl chloride, which appears at
around 8 and 9 eV for the A’ and A” series, respectively (Fig. 6G).
The dramatic increase in the diffuse character in CIHC,O is
exhibited through the dropping of vertical excitation energies
with more diffuse basis sets and the orbital characters. Overall,
the computed properties of the lowest 15 excited states yield no
evidence of the Rydberg series converging to the excited states
of the cation.

3.3.3 Propadienone chloride. Propadienone is known for
its peculiar structure where an in-plane nonlinearity is observed
in the allylic carbon chain.”® The addition of two carbons along
with chlorine substitution raises the cost of the calculations
relative to the benchmarks from formyl chloride. Therefore, the
TZ+spd basis sets are employed here where computational cost
is reduced with little-to-no sacrifice in accuracy.’®’® This basis
set is benchmarked for CIHCO in the ESIL.{ There are no
dramatic differences in the TZ+spd basis compared with
t-aug-cc-pV(T+d)Z. Furthermore, shifts from the aug-cc-pvVTZ
excited state energy compared with either TZ+spd or t-aug-cc-
pV(T+d)Z are consistent. Hence, this basis is utilized for the
most diffuse computations in CIHC;0.

Fig. 5 and 6E show that lowest two groups of excitations in
CIHCO and CIHC;O share similar electronic characters. Speci-
fically, the 1*A”, 1'A’, and 2'A” states form a set in both CIHCO
and CIHC;0 where 1'A’ is the brightest due to a better orbital
overlap of the same symmetry excitation. The n-cloud localized
along the carbon chain is also extended to the oxygen atom
with minor diffuse character on the chlorine atom. This same
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behavior is present in chloroketene where the n cloud is
extended. The electron densities in these excitations originate
from HOMO = ng, (18a’), (HOMO-1) = n¢; (4a"), and (HOMO—2)
= ng (17a’) (Fig. 4). The 1'A’ state results from a mixed
transition with electron densities being excited from mostly
ncr (4a”) with a minor contribution from no (18a’). The greater
orbital overlaps render it a dim transition as compared to the
other two. Moreover, the electronic character of state 8'A’
also seems to resemble this group with an addition of some
s-Rydberg (Fig. 2 and Table S22 in ESIY).

The second trio of near-degenerate states consists of the
3'A’, 3'A” and 7'A’, where 3'A” is the darkest state due to the
poor orbital overlap resulting from out-of-plane excitations. A
non-bonding orbital along the CCI bond is seen for both CIHCO
and CIHC;0. Moreover, state 3'A’ is also the brightest among
all the excitations reported for this molecule with f = 0.4237.
This excitation is contaminated by some population from the
(HOMO—1) in addition to the HOMO. Meanwhile, 7'A’ involves
a minor contribution from the (HOMO-3) in addition to the
(HOMO-2) and is also a bright transition.

The lowest Rydberg-valence transitions in both symmetries
appear for the 4'A’ (7.189 eV) and 4'A” (7.471 eV) states
(Fig. 6H). In both cases, the s-Rydberg and p-Rydberg are
dominant, respectively. The energy gap of these two Rydberg
states is 0.282 eV, which is slightly larger than the energy
difference of the lowest Rydberg states of the two symmetries
in CICHO, 0.011 eV. Both of these differences are much smaller
than that of CIHC,O, which is 1.302 eV.

3.3.4 Butatrienone chloride. Even though butatrienone
interchanges between the linear and out-of-plane C; configura-
tions, such relatively small differences in the structure of the
molecule do not change its orbital topology by any meaningful
amount. Hence, the actual structure of the backbone will be
insignificant for computing meaningful properties, such as
electronic excitation energies, ionization energies, and oscilla-
tor strengths. In point, the excited state energies computed at
the EOM-CCSD for three optimized geometries, even with some
bent and other linear, are in excellent agreement as shown in
Fig. S8 in the ESI.{ Consequently, the linear configuration will
be used for all vertical excitation energy computations.

There is a similarity between the first set of excitations in the
even n species (Fig. 6D and E). The excitation characters of
the first set in CIHC,O closely resemble those of CIHC,O where
1'A’ and 6'A” are replaced by 2'A’ and 2'A”, respectively. The
elongation of the conjugated system stabilizes the entire mole-
cule and, thus, significantly lowers the energy for the last
component of this set.

The lowest Rydberg-valence transitions in both symmetries
are found for the 3'A’ (6.539 eV) and 3'A” (5.516 eV) states
(Fig. 6I). The 3"A” state is dominated with s-Rydberg character
while the 3'A’ state is surrounded by a p-Rydberg orbital with
n valence character. The energy gap between the two lowest
Rydberg-valence transitions is 1.023 eV, which is 0.3 eV lower
than that of CIHC,O. The transition into the 3'A’ state has a
significantly brighter oscillator strength, 0.2640, due to a much
greater orbital overlap. The Rydberg-valence states of the two
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symmetries of the even n species seem to have a bigger energy
difference (more than 1.0 eV) as compared to the odd n mole-
cules which is less than 0.3 eV. The extension of the carbon
chain not only decreases the energy levels for most states but
also lowers the Rydberg series. Similar to CIHC,O, there is
approximately a 0.5 eV difference in energy starting with the
transition into the 5'A’ state, where significant diffuse character
starts to appear (Fig. 3 and Table S25 in the ESI}).

4 Conclusions

The behavior of the cumulenone chlorides is in many ways an
average of the effects observed in regular cumulenone mole-
cules and organochlorides. The structures of formyl chloride
and chloroketene strongly resemble the corresponding hydro-
carbon species, indicating that the chlorine atom has a minor
contribution towards the chemical interactions that determine
the bonding structure of the system. Meanwhile, the chlorine
replacement perturbs the structures of CIHC;0 and CIHC,O
and leads to slight differences to a much greater extent
as compared to the corresponding cumulenone species. The
substitution effect is displayed via the discrepancies in the
ionization energies for the chlorinated series as they are
approximately 1 eV higher than the cumulenones. This is likely
caused by the cation - formed post-ionization - becoming less
stable due to the presence of the chlorine atom. The carbene
character is enhanced in CIHC;0 as compared to H,CHO as
more bending is observed on the beta carbon. Differently,
CIHC,0, with a soft backbone, undergoes low-energy large
amplitude motion and interchanges between out-of-plane
bending and linearity. Even so, the geometries and ionization
energies computed here for formyl chloride and chloroketene
are in excellent agreement with microwave spectroscopic mea-
surements indicating that such computed properties are likely
valid for these as-of-yet unobserved species.

Similar to the ionization energies, the Rydberg series of the
chlorinated systems also starts about 1 eV higher than the
cumulenone family. Electronic excitations from the two
chlorine lone-pairs and an oxygen lone-pair form different
groups of excitations that consist of three different states
sharing the same character originating from the valence p
orbitals on the chlorine atom. These transitions may ultimately
lead to a chain of reactions that are directly relevant to atmo-
spheric science and astrochemistry. Halochemistry of the former
is well-established, but that of the latter is just emerging. The
kinetics for the photolysis and the successive collisions between
the resulting radicals and other species can be further investi-
gated experimentally as has been done recently.'® Hence, the
obtained photophysical properties of these systems will poten-
tially enable the modeling of such reactions that occur in both
the stratosphere and the ISM.
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