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ABSTRACT: High-resolution photoabsorption cross-sections in
the 3.7—10.8 eV energy range are reinvestigated for nitromethane
(CH;NO,), while for nitroethane (C,H;NO,), they are reported
for the first time. New absorption features are observed for both
molecules which have been assigned to vibronic excitations of
valence, Rydberg, and mixed valence-Rydberg characters. In
comparison with nitromethane, nitroethane shows mainly broad
absorption bands with diffuse structures, which can be interpreted
as a result of the side-chain effect contributing to an increased
number of internal degrees of freedom. New theoretical quantum
chemical calculations performed at the time-dependent density
functional theory (TD-DFT) level were used to qualitatively help
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interpret the recorded photoabsorption spectra. From the photoabsorption cross-sections, photolysis lifetimes in the terrestrial
atmosphere have been obtained for both compounds. Relevant internal conversion from Rydberg to valence character is noted for
both molecules, while the nuclear dynamics of CH;NO, and C,H;NO, along the C—N reaction coordinate have been evaluated
through potential energy curves at the TD-DFT level of theory, showing that the pre-dissociative character is more prevalent in

nitromethane than in nitroethane.

I. INTRODUCTION

Nitromethane (CH;NO,) is a simple organic-nitro compound
used as a solvent in the pharmaceutical and chemical
industries, whereas from the research point of view, it can be
regarded as a prototypical molecule to be used as a benchmark
system for high-level computational modeling of molecular
energetics and structural properties.’ It can be expected to act
as a human carcinogenic agent and is therefore of biological
relevance, and it may play a role in the chemistry of the Earth’s
troposphere and stratosphere following the reaction of CH;
radicals with NO, and other oxides of nitrogen,I e.g., nitrous
oxide and N,O. Also, CH;NO, belongs to the class of
molecules with typical characteristics of explosives, propellants,
and even has military use. Thus, clarification of the complex
processes involved in its detonation and propellant behavior
requires detailed knowledge of the electronic state spectros-
copy of both neutral and ionic species.” Spectroscopic studies
involving CH;NO, have been reported on several occasions in
the past and include the experimental methods: vacuum
ultraviolet (VUV) absorption,”” electron impact excitation, " °
Raman and infrared absorptions,”~'? He(I) and He(1I)
photoelectron spectroscopies,”' ~'* photodissociation spectros-
copy,'™"® and rate constants for its reactions with hydroxyl
radicals.'”"® We also note theoretical studies on the structure
and electronic properties of nitromethane' and the elastic
scattering of low-energy electrons.”’ Antunes et al”' and
Alizadeh et al.”* have reported negative ion formation in
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electron transfer and dissociative electron attachment experi-
ments to nitromethane, respectively, where high-energy
resonances (>4 eV) of several fragment anions have been
assigned to electronically excited temporary negative ion states
(including Rydberg excitation). Such core-excited resonances
can be compared to the parent Rydberg states in the VUV
spectrum.

Nitroethane (C,H(NO,) is a relevant industrial chemical
compound used in the production of nitroalcohols, pharma-
ceuticals, and organic synthesis, as well as a solvent for
celluloses, resins, and waxes.”® It can be degraded by reactions
with *OH radicals in the atmosphere yielding an estimated
half-life for such reactions in air of a little more than 100 days.
Relevant to the present work, there are a few studies involving
the absorption spectrum in the 3.4—5.6 eV photon energy
region,”* Raman'’ and infrared® spectroscopies, He(I) and
He(II) photoelectron spectroscopies,'* and the rate constants
for nitroethane reactions with hydroxyl radicals.'®

In Section II, we present a brief description of the
experimental methodology, and in Section III, the computa-
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tional details of the calculations used to help the interpretation
of experimental data are shown. In Section IV, a brief summary
of the structures of CH;NO, and C,H;NO, is given, and
Sections V=VII include a comprehensive description of the
electronic state spectroscopy of nitromethane and nitroethane
in the 3.7—10.8 eV photon energy region and compares the
present data with other absolute photoabsorption cross-
sections where possible. Potential energy curves along the
C—N coordinate are discussed in Section VIIL. Absolute
photoabsorption cross-sections are compared with previous
work, and the data used to calculate the photolysis rates of
CH;NO, and C,H;NO, from in the Earth’s atmosphere are
presented in Section IX. We finish with Section X by including
a brief summary of our results and conclusions.

Il. EXPERIMENTAL METHOD

The apparatus used to record high-resolution VUV photo-
absorption spectra of nitromethane and nitroethane has been
described before® and is based on that described by Eden et
al.>® Briefly, it consists of a static absorption gas cell and a
photon multiplier tube (PMT) for recording the transmitted
light through the cell. The experimental data were obtained at
the AU-UV beamline at ASTRID2 storage ring facility, Aarhus
University, Denmark.

The absolute photoabsorption cross-sections, in units of
megabarn (1 Mb = 107'® cm?), were measured with
monochromatized synchrotron radiation in the wavelength
region 115—330 nm (3.7—10.8 eV). This yielded an effective
energy resolution of 3 meV (full width at half-maximum
(FWHM)) at the mid-point of the energy range studied. The
absorption gas cell is filled with vapor of the molecular
compound under investigation, and the transmission windows
(MgF,) used to enclose the cell set the lower-wavelength limit
of detection (115 nm). The absolute pressure in the target cell
was measured with a capacitance manometer (Chell
CDG100D) and to avoid any saturation effects in the data
recorded, the absorption cross-sections were carefully meas-
ured using a pressure within the range 0.08—1.22 mbar, which
was appropriate for the local cross-section, to have attenuations
of 50% or less. Cross-sections are measured through
attenuation of the incident photon beam and background
scans with the cell evacuated, and evaluated according to the
Beer—Lambert law: I;= I exp(—oNI), where I, and I, are the
light intensities transmitted through the gas sample with and
without the sample, respectively, ¢ is the absorption cross-
section, N is the target number density, and [ is the absorption
path length (15.5 cm). The synchrotron beam ring current was
monitored throughout the collection of each spectrum and
compensation for the beam decay in ASTRID 2 is achieved by
running in a “top-up” mode allowing the light intensity to be
kept quasi-constant. The small variations (ca. 2—3%) of the
incident flux are normalized to the beam current in the storage
ring. This methodology allows us to determine the accuracy of
the photoabsorption cross-sections to within +5%. Accurate
cross-section values are obtained by recording the VUV
spectrum in small (S or 10 nm) sections, allowing an overlap of
at least 10 points between the contiguous sections. The
proposed assignments of the recorded absorption spectral
features of nitromethane and nitroethane are listed in Tables 2,
3, 5, and 6, and Tables S and 7, respectively.

The liquid samples of nitromethane and nitroethane used in
the VUV photoabsorption measurements were purchased from
Sigma-Aldrich, with a stated purity of >99 and 99.5%. The

samples were degassed through repeated freeze—pump—thaw
cycles.

lll. THEORETICAL METHOD

The optimized geometries of nitromethane and nitroethane
neutral and ionic electronic ground-states (Supporting
Information (SI) Figures S1 and S2, and S3 and S4) have
been calculated at the DFT level of theory, where the B3LYP
functional and Dunning’s augmented correlation consistent
valence double-{ (aug-cc-pVDZ) basis set, as implemented in
the package GAMESS-US,”” were used. The excited electronic
states were obtained for the ground-state optimized molecular
geometries of both molecules, employing TD-DFT***” with a
B3LYP functional and the aug-cc-pVDZ basis set.

At room temperature, nitromethane and nitroethane have
two conformers, eclipsed and staggered, both being of Cs-
symmetry in their electronic ground-states. The difference
between conformers is due to the torsion of the CH; group,
where for the eclipsed conformer the symmetry plane contains
the NO, group while for staggered the plane is normal to NO,
and bisecting the ONO angle (Figures S1 and S2). As far as
nitromethane is concerned, there is a general consensus that
the relative energy between conformers is very small and this is
due to the barrier of internal rotation of the methyl group,
which has been reported to be 0.26 meV (6 kcal mol™").”"*" A
literature survey reveals the majority of earlier works report the
staggered conformer to be lower in energy,n_}4 albeit a few
others claiming that it is the eclipsed conformer.*”*® Nonethe-
less, our calculations using DFT/B3LYP/aug-cc-pVDZ show
the eclipsed conformer to be marginally lower in energy, with
that difference among conformers to be ~0.1 X 107* eV,
whereas for nitroethane, that difference is 4 meV. Thus, at
room temperature, equal populations of both conformers for
each molecule are considered.

A complete list of calculated vertical excitation energies for
both neutral conformers of CH;NO, and C,H;NO, molecules
is presented in Tables S1 and S2, respectively, while in the
main body of text, we show only the dominant vertical
excitation energies for the eclipsed conformers. Note that the
calculated vertical excitation energies of both conformers
(Tables S1 and S2), and the character of the dominant
electronic transitions in the absorption spectra (Figures 1 and
4) are very similar for both conformers of each molecule.
Representation of a selection of molecular orbitals of
nitromethane and nitroethane are shown in Figures S5 and S6.

IV. STRUCTURE AND ORBITAL PROPERTIES OF
CH;NO, AND C,H;NO,

IV.A. Nitromethane, CH;NO,. Nitromethane (CH;NO,)
has Cg symmetry in its ground electronic state, and the
calculated outermost valence electronic configuration of the
XA’ state is: - (92')? (102')? (11a)? (2a”)? (32”)? (12a')?
(13a’)% The character of the ground-state MOs (see Figure
SS) shows that the highest occupied molecular orbital
(HOMO), 132/, and the (HOMO-1), 12a’, are O 2p lone
pair orbital (7,) in the molecular plane, the latter also showing
ocny bonding character. The third and the fourth highest
occupied molecular orbitals (HOMO-2), 3a”, and (HOMO-
3), 2a’, are my_g in character.

The photoabsorption features (Figures 1 and 2) have been
mainly assigned to electronic excitations, due to the promotion
of an electron from these MOs to unoccupied valence,
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Figure 1. VUV photoabsorption spectrum of CH;NO, in the 3.7—
10.8 eV energy region.
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Figure 2. VUV photoabsorption spectrum of CH;NO, in the 7.3—8.3
eV energy region with labeled vibrational series.

Rydberg, and mixed valence-Rydberg characters (see Table 1
for the calculated dominant excitation energies and oscillator
strengths). The fine structure in the photoabsorption spectrum
has been assigned to vibronic transitions (Tables 2 and 3) from
the main fundamental vibrational modes available from Raman
and infrared spectroscopies data.”®'° Assignments of these

modes from the energies in the electronic ground-state are
0.171 eV for NO, symmetric stretching, vj(a’), 0.114 eV for
C—N stretching, v4(a’), 0.081 eV for NO, symmetric bending,
vi(a’) and 0.059 eV for NO, rocking, vi(a’). For the Rydberg
character of the electronic transitions, the vibrational modes
have been assigned according to the experimental information
from He(I) photoelectron spectroscopy of the NO, symmetric
bending mode to 0.065 eV (1 *A;) and 0.068 eV (1 *A,) from
the work of Rabalais,'” and 0.059 eV (1 2A’) and 0.067 eV (1
2A") from Mok et al."* Additionally, vibrational frequencies of
CH;NO, neutral and ionic electronic ground-states have been
calculated at the B3LYP/aug-cc-pVDZ level of theory (Table
S3).

The two lowest experimental adiabatic ionization energies,
needed to calculate the quantum defects associated with
transitions to Rydberg orbitals, are taken from the work of
Rabalais'* to be 11.07 eV (13a’)™! and 11.73 eV (124’)7%

IV.B. Nitroethane, C,H;NO,. Nitroethane (C,HNO,)
has Cg symmetry in its ground electronic state, and the
calculated outermost valence electronic configuration of the
XA’ state is: - (2a2”)% (132’)? (14a")? (32”)? (42”)? (152’)?
(16a’)% The ground-state MOs’ character (Figure S6) shows
that the highest occupied molecular orbital (HOMO), 162/, is
mainly the O 2p lone pair orbital (7,) in the molecular plane,
with some 6 character, while the (HOMO-1), 15a’, is (7))
with oy character. The third highest occupied molecular
orbital (HOMO-2), 4a”, is my_g and (HOMO-3), 4a”, the O
2p lone pair orbital (n,) out of the molecular plane with oy
character. Other molecular orbitals from which promotion of
electrons have been assigned are (HOMO-4), 14a’, and
(HOMO-5), 2a”, with (7ip) and occy, and my—q characters,
respectively.

The photoabsorption features (Figures 4 and S) have been
assigned to electronic excitations from mainly these MOs to
valence, Rydberg, and mixed valence-Rydberg character
orbitals (Table 3). The information on the vibrational
modes’ energies provided by infrared and Raman spectros-
copies,”'? was used to assign the excitations discernible in the
nitroethane photoabsorption spectrum. Therefore, the avail-
able energies in the electronic ground-state are: 0.109 eV for
C—N stretching, v4(a’) and 0.077 eV for NO, symmetric
bending, v{(a’), modes. Moreover, the vibrational mode
assigned for the Rydberg character of the electronic transitions

Table 1. Calculated Dominant Vertical Excitation Energies (TD-DFT/B3LYP/aug-cc-pVDZ) and Oscillator Strengths of
CH;NO,, Compared Where Possible with the Corresponding Experimental Data and Other Work in the Literature (Energies

in eV)“
nitromethane (CH;NO,)
cross-section

state  E (eV) fi dominant excitations Eerp. (ev)? (Mb) E (eV)! E (eV)?
XA’

2 1A 4605 000002  7%(4a”") < 7y/0cn(12a") (100%) 4.550 0.04 4.5

2 1A 6879 015459  z*(4a”) < n(3a") (90%) 6271 17.74 6.25 627
3 7.100  0.00037  3s(14a’) < 7p(13a") (95%) 7.637 2.59 7.44 7.531
4'A 7.510 003627  3s(14a’) < Tp/ocn(12a") (97%) 8.38(3)(s) 12.13 8.07 8257
6'A’ 8223 002625  3p,/o(16a’) « Tip(13a’) (72%) + 3p,(15a’) « 7ip(13a") (22%) 7.92(5) 5.98 7.8 7.974
9 A 8.851  0.10584  z*(4a”") « myo(2a”) (70%) + 3p,/0(16a") « Tip/ocn(12a") (21%) 8.803 16.33 8.3 8.531
12 A 9.702 020343 o\ (17a") < Tip/ocn(12a") (79%) + 4s/4p,(19a’) « 7ip(13a") (14%) 9.450 27.35 9.368
19'A" 10696  0.03473  4s/5p.(20a") < np/ocn(12a") (93%) 10.315 23.63 10.347
18 'A” 10960  0.02397  4s/7%(20a’) « Tip/ocn(12a") (90%) 10.739 22.32 10.798

“See text for details. “The last decimal of the energy value is given in parentheses for these less-resolved features.
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Table 2. Energy Positions (in eV) of Progressions and Vibrational Analysis of Features Observed in the Photon Energy Range

7.3—8.3 eV of CH;NO,

energy assignment AE (vy)

3s(14a’) « 7p/ocn(12a’)

7.382 03

7.41(5)(s,w) 8"

7.420 85

7.453 54

7.464 5"

7.48(3)(s) 4

7.50(1)(s,w) 5o+ 85/8"1

7.51(2)(s) 8 + 4y

7.51(9)(s) 53/3p 0.139

7.530 st

7.53(9)(s) S0+ 49

7.565 S5+ 80/3¢ + 8§

7.57(9)(s) 43

7.58(6)(s) 5

7.595 5o+ 4b + 81/8m2/5m2

7.623 8 + 43

7.637 So + 42/3s(14a’) « 7p(12a")

7.65(6)(s) 58/3% 0.137

7.679 43/5 + 45 + 85/8"

7.69(9)(s) 5o+ 42

7.718 55

7.73(7)(s) So+ 43

7.766 S+ 43 + 85/8"*

7.77(6)(s) 44

7.82(0)(s) 8 + 43

7.78(3)(s) 58/33 0.127
AE 0.134

3p,(15a") « 7ip(13a’) + 3p,/ocy (16a’) < Tip(13a’)

7.66(3)(s) 03

7.766 4

7.718 54

7.82(5)(b) S + 49

7.870 4

7.92(5)(b) So+ 4

7.97(3)(s,w) 43

8.01(7)(s,w) 5o+ 4

8.07(7)(s,w) 4

AE

AE (v,) AE (vy') AE (vg') ref 3
0.038
0.071
0.103
0.086 0.048
0.092
0.066
0.066 7.531
0.086
0.046 7.563
0.096
0.067
0.094 0.065 0.056 7.594
0.111 0.044 7.622
0.098
0.070 7.656
0.100/0.084 0.042 7.675
0.062 7.692
0.095 0.062 7.715
0.100 7.742
0.087 0.029 7.769
0.097
0.102 7.820
0.065
0.096 0.066 0.043
0.103 7.769
0.055
0.107 7.820
0.104 7.869
0.100 7.918
0.103 7.974
0.092 8.023
0.104 8.078
0.102 0.055

“(s) shoulder structure; (w) weak feature; (b) broad structure (the last decimal of the energy value is given in parentheses for these less-resolved

features).

has been made on the experimental He(I) photoelectron data
available from Mok et al.'"* of the NO, symmetric bending
mode 0.063 eV (1 2A”). Vibrational frequencies of C,H;NO,
neutral and ionic electronic ground-states were calculated at
the B3LYP/aug-cc-pVDZ level of theory (see Table S3).

The two lowest experimental vertical ionization energies,
needed to calculate the quantum defects associated with
transitions to Rydberg orbitals, are taken from the work of
Mok et al.'* to be 11.08 eV (16a’)~! and 11.51 eV (15a)7".

V. RESULTS AND DISCUSSION

The room temperature high-resolution VUV photoabsorption
spectra of CH;NO, and C,H;NO, are shown in Figures 1 and
4, in the photon energy range 3.7—10.8 eV, while expanded
views of the measured cross-sections are shown in Figures 2
and 3 for the former and Figure S for the latter molecular
compound. The absorption bands are due to excitations from

the X'A’ ground-state to valence, Rydberg, and mixed valence-
Rydberg states (see Section VI) converging to the lowest-lying
ionic states. Tables 1 and 4 show TD-DFT results for CH;NO,
and C,H{NO, (vertical excitation energies and oscillator
strengths) with the experimental results, where a good level of
accord is noted. The spectra exhibit fine structures, which are
much less pronounced in nitroethane given its higher number
of internal degrees of freedom relative to nitromethane. This
may then contribute to broadening and weakening of the
vibronic absorption features. It is interesting to note that a
similar effect has been observed in different fatty acids as the
side chain is increased from propionic, to butyric and to valeric
acids.”” Notwithstanding, these features have been assigned in
nitromethane to NO, symmetric stretching, vi(a’), C—N
stretching, vj(a’), NO, symmetric bending, vi(a’), and NO,
rocking, v¢(a’), modes, mostly dominant above 7.3 eV, whereas
in nitroethane to C—N stretching, v4(a’) and NO, symmetric
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Table 3. Proposed Vibrational Assignments of CH;NO, Valence and Rydberg Series Converging to the Ionic Electronic
Ground (13a’)”" and First (12a’)™" Excited States in the Photon Energy Range 9.0—10.8 (Energies in eV)”

energyb assignment AE (vy')
3p./ocn(16a’) « Tip/ocn(12a’) + 7% (4a”) « n(2a”)
8211 03
8.268 85
8.313 45
8.38(3)(s) 44 + 54/3s(12a")7!
AE
8.420 3p(13a)7!
8.492 55
8.565 58
8.637 5
8.70(4)(s,w) 54
8.728 5%+ 39 0.163
8.803 53+ 3¢/3p'(13a’)7! 0.166
8.869 58 + 39 0.165
8.930 58+ 30 + 5§
9.043 58 + 32 0.174
9.08(3)(s) 3p(124')7"
9.16(7)(s) 50
9.23(2)(s,w) 5%
9.32(2)(s,w) 53
9.379 3d(13a") 7
9.450 So/4p’(12a")7"
9.530 58
9.552 45(13a’)7!
9.62(6)(s) 50
9.701 5%
9.77(0)(s) 4p(13a’)7"
9.85(2) (s,w) S
9.91(1)(s) 53/4p’(13a")™
9.995 53
10.06(8)(b) 58
10.445 4p(124')7"
10.629 3p/6p’(13a") ™" 0.184
10.583 6p(13a’)/6p'(12a") ™
10.656 50
10.66(5)(s) 6d(13a’)™
10.763 45
AE 0.170

AE (v,) AE (vy) AE (vg) ref 3
0.057 8.257
0.102 8.302
0.070 8.345
0.102 0.070 0.057
8.437
0.072 8.478
0.073 8.568
0.072 8.687
0.067
8.732
8.792
8.862
0.061
0.084 9.126
0.065
0.090
9.518
0.071
0.080
9.541
0.074
0.075
9.761
0.082
0.059 9.806
0.084
0.073
10.439
10.628
10.573
0.073
0.098
0.098 0.074

“See text for details. b(s) shoulder structure; (w) weak feature; (b) broad structure (the last decimal of the energy value is given in parentheses for

these less-resolved features).

bending, vi{(a’), modes above 9.1 eV. The photoabsorption
features above 8 eV are mostly due to the overlap of different
members of the Rydberg series converging to the ionic
electronic ground and the first ionic electronic excited states.
These, together with vibrational fine structure superimposed
on them, make the spectra quite congested, and so the
assignments are only partially labeled in Figures 3 and S, only
their energies indicated by vertical bars. The assignments are
listed in Tables 2, 3, and 5.

We will now discuss in detail each part of these spectra in
turn assigning all of the observed features noting the adopted
notation Xj,, with m and n representing the initial and final
vibrational states for the vibrational mode (X), together with
the information provided with the present TD-DFT
calculations. Any other assignments involving the vibrational
mode (X) for which is not possible to determine the
vibrational states (n, m) from the (0 — 0) transition are
denoted X", X", .

V.A. Nitromethane, CH;NO,. The major electronic
transitions of the photoabsorption bands are assigned to the
promotion of an electron from in-plane oxygen lone pair 7,
(HOMO), Fip/6cr (HOMO-1), my—o (HOMO-2), and 7y—o
(HOMO-3) to lowest unoccupied molecular orbitals (Table 1
and S1, Figure SS). The VUV spectrum has been measured
previously by Walker and Fluendy' and Shastri et al;’
however, the present higher resolution has allowed us to
perform a complete vibrational analysis of the fine structure
(Tables 2 and 3), while the two lowest-lying absorption bands
are broad and structureless.

The lowest absorption band in nitromethane, centered at
4.550 €V and a magnitude of 0.04 Mb (Figure 1), is assigned
to the 7%(4a") « 7p/ocn(124'),(2'A” < X'A’) transition
(Table 1), and in good agreement with the 4.5 eV value
reported by Walker and Fluendy." This is also predicted to be a
weak transition whose oscillator strength is calculated to be f;.
< 0.0001 (Table 1).

https://doi.org/10.1021/acs.jpca.2c08023
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Figure 3. VUV photoabsorption spectrum of CH;NO, in the 8.0—
10.8 eV energy region with labeled Rydberg series converging to the
ionic electronic ground and the first ionic electronic excited states.

The next structureless but intense absorption band is
centered at 6.271 eV (17.74 Mb) and in good agreement
with previous work."” It is assigned to the 7*(4a”) < z(3a"),
(2'A’” < X'A’) transition with an oscillator strength of
~0.1546 (Table 1). The dissociative character of this band
yielding NO, has been investigated by photodissociation
methods,**™*" with electronic and vibrational pre-dissociations
as the main mechanisms. In the C,, point group, the former
has been suggested to occur via a 6* < o('B, byaf) transition
leading to NO§ which further dissociates into NO (X) + O,
the latter through effective vibrational coupling between NO,
and CN modes on the 7* <« 7z potential energy surface,
producing NO#*."**7* Regarding the two mechanisms,
although in the present experiment we have no information
on the spectroscopic nature of the fragments being produced,
pre-dissociation can only occur with access at higher energies
to an electronic state (e.g, #*) that may cross with an
antibonding ¢* repulsive state, as long as the nuclear wave
packet survives long enough for the system to change its
character, resulting in NO, formation. The present calculations
in Table 1 do not predict any electronic transition of ¢*
character close to the 7* < 7 most intense absorption band.
The other mechanism that may prevail, is an efficient vibronic

Table S. Proposed Vibrational Assignments of C,H;NO,
Valence and Rydberg Series Converging to the Ionic
Electronic Ground (16a’)™" and First (15a’)™" Excited
States in the Photon Energy Range 9.0—10.8 (Energies in
eV)”

energyb assignment AE (v,)) AE (vs')

3s(17a’) « fip/occ(14a’) + n* (Sa”) « n(2a")

9.13(7)(s,w) 03

9.20(1)(s,w) 58 0.064

9.26(3)(s,w) 53 0.062

9.31(9)(s,w) 53 0.056

9.38(2)(s,w) 54 0.063

9.44(6)(w) 55 0.064
AE 0.062

9.48(3)(w) 3d(15a’)7!

9.54(5)(b) 45(16a’)7"

9.58(9)(b) 58/4% 0.106 0.044

9.66(0)(w) 53 0.071

9.71(7)(b) 53/4% 0.128 0.057

9.78(2)(s) 54 0.065

9.82(4)(s,w) 53/4%/4p (16a')7! 0.107 0.042

9.82(4)(s,w) 4p (16a’)7!

9.94(7)(s,w) 5"/44 0.123

9.995 st 0.048

10.05(6)(s) 5"2/4%/4s(15a’) 7 0.109 0.061

10.12(5)(s) 53 0.069

10.16(7)(s) 5m/43 0.111 0.042

10.20(0)(s) 4d(15a’)™!

10.26(8)(s) 58 0.068

10.38(0)(s) Sp (16a’)™

10.44(5)(b) Sp (16a’)7™" + 55 0.065
AE 0.114 0.057

9See text for details. “(s) shoulder structure; (w) weak feature; (b)
broad structure (the last decimal of the energy value is given in
parentheses for these less-resolved features);.

coupling. A close inspection of Figure 2 shows an electronic
transition assigned to 3s(14a’) <« 7ip/ocn(12a’) that overlaps
with the high-energy side of the 7*(4a”) < 7(3a") transition.
The main vibrational modes have been assigned to C—N
stretching, vj(a’), and NO, symmetric bending, vi(a’), the

Table 4. Calculated Dominant Vertical Excitation Energies (TD-DFT/B3LYP/aug-cc-pVDZ) and Oscillator Strengths of
C,H{NO,, Compared Where Possible with the Corresponding Experimental Data and Other Work in the Literature (Energies

in eV)“

nitroethane (C,H{NO,)

state  E (eV) fL

dominant excitations

cross-section

Eep. (eV)" (Mb)

XA’

2'A” 4605 000006 7%(5a”) < fp/ocn(15a") (99%) 4.550 0.04

2'A" 6789 011079  n%(5a") < n(4a”) (86%) 6.256 16.10

S'A" 7480 006883  7%(5a") « no/ocu(3a”) (70%) + 3s(17a’) < Hip/oon(15a") (20%) 7.847 7.76

7'A" 8087  0.02867  3s5(19a") < 7y(16a’) (74%) + 35(18a’) « Tip/ocn(15a") (20%) 8271 11.48

12 9.129 001501  4s/3p,/3p,(20a") « 7ip (16a") (81%) 8.725 18.60
IA/

17 9.664  0.05147  7*(3a") < n(2a") (29%) + 3s(17a’) « Tip/occ(14a’) (49%) 9.44(6) 22.54
lAr

19 9.754  0.14702  3s(17a’) < Tip/occ(14a’) (48%) + n*(5a") « m(2a") (24%) + 4s(21a’) < Tip/ocn(15a’) (11%) 9.54(5) 22.87
IA/

“See text for details. “The last decimal of the energy value is given in parentheses for these less-resolved features.
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former with several quanta being excited that may couple with
the closest electronic state (see Figure S7 and Table S1) as the
Rcy coordinate is stretched from its equilibrium position
leading to bond breaking, thus lending strong support to this
assumption. Note that such an electronic transition is of
Rydberg character, as such one may expect an internal
conversion to a valence state that can lead to dissociation
within the complex potential energy surfaces involved (see
Section VIILA).

The next electronic transition with its vertical 0§ origin is
tentatively assigned at 7.382 eV (Figure 2) and is due to the
promotion of an electron from the (HOMO-1), 122/, to a
Rydberg state (Table 2), which will be discussed in Section VI.
This transition is accompanied by excitation of NO, symmetric
stretching, v5(a’), C—N stretching, vj(a’), NO, symmetric
bending, v{(a’), and NO, rocking, vi(a’) modes (tentative
assignments in Table 2), that overlap with the next electronic
transition. At 7.66(3) eV we assign the absorption band to a
mixed valence-Rydberg character 3p,/ o(16a’) « 1, (13a’) +
3}7},(15&/) « 7p(13a’), (2'A’ « X'A’) with a maximum at
7.92(5) eV and a cross section of 5.98 Mb (Table 1). The
vertical value is in %ood accord with Shastri et al.’ although
Walker and Fluendy ' report it at 7.8 eV. This band shows fine
structure, which has been assigned to C—N stretching and
NO, symmetric bending modes. For further discussion, see
Section VIL

The vertical excitation energies of the next valence, mixed
valence-Rydberg, and Rydberg transitions have been assigned
at 8.803, 9.450, 10.315, and 10.739 eV. These are labeled in
Table 1 7%(4a”) « myo(2a”) + 3p,/6(16a’) < 1ip/ocn(12a"),
oin(17a") « np/ocn(12a") + 4s/4p,(19a") « 7p(13a’), 4s/
Sp,(20a’) « np/ocn(12a’) and 4s/7*(20a’) « 7ip/ocn(12a’)
with cross sections of 16.33, 27.35, 23.63, and 22.32 Mb,
respectively. The fine structures in these bands are assigned in
Table 3 and will be discussed in Section VII. For the first
transition, the valence character is due to the promotion of an
electron from (HOMO-3), 2a”, to (LUMO), 4a”, contributing
to 70% of the oscillator strength, while for the second
transition, (17a’) « (124’) the antibonding o* character
accounts for 79% (Table 1) which can be indicative of the
considerable underlying background signal superimposed on
the absorption band. The third transition is due to promotion
from (HOMO-1), 12a’, to (LUMO+9), 20a’, where a
significant 7* character is discernible (see Figure SS). Finally,
a reduction of NO, symmetric stretching, vj(a’) mode from its
value in the ground-state is noted, which agrees with the rather
dissociative character of the electronic transitions above 7 eV
(see Section VIII).

V.B. Nitroethane, C;HsNO,. The absorption spectrum of
nitroethane shows broad structureless bands at 4.450, 6.256,
7.847, 8.271, and 8.725 eV with local maximum cross sections
of 0.04, 16.10, 7.76, 11.48, and 18.60 Mb, respectively (Table
4). Due to the absence of any discernible vibrational features, it
was not possible to assign the 07 origin of the bands. These
bands have been assigned to transitions from the X'A’ lowest
neutral ground-state to valence, mixed valence-Rydberg, and
Rydberg states 7*(5a") « fp/ocn(15a’), 7*(5a") « m(4a”),
7%(5a") <« ng/ocu(3a”) + 3s(17a’) « ng/ocn(15a"),
3s(19a") « 7y (16a’) + 3s(18a’) « 7ip/ocn(15a’) and 4s/
3p,/3p.(20a") « 7p(16a’). The lowest absorption band at
4.550 eV is shown in Figure 4 and is attributed to the
excitation on an oxygen lone pair electron from the (HOMO-
1), 152/, to the (LUMO) z*(Sa”) orbital (see Figure S6 and

50 (16a)~t
i ns, np, nd | \ T T 5

45 ¢ msoapnd [T TTT 1|3
40 |
35 F
30 F
25 -
20 |

Cross-section [Mb]

3 4 5 6 7 8 9 10 11
Energy [eV]

Figure 4. VUV photoabsorption spectrum of C,H;NO, in the 3.7—
10.8 eV energy region with labeled Rydberg series converging to the
ionic electronic ground and the first ionic electronic excited states.

Table S2) with a calculated f; < 0.0001 (Table 4). The most
intense valence 7* « 7 transitions in the photon energy range
3.7-9.0 eV have oscillator strengths calculated to be f; =
0.11079 (6.256 eV) and f| = 0.06883, the latter contributing to
70% of the band’s intensity (Table 4). Above 9.0 eV, the mixed
valence-Rydberg transitions have been assigned at 9.44(6) and
9.54(5) eV with cross sections of 22.54 and 22.87 Mb. These
are mainly due to excitations from (HOMO-4), 14a’, to
(LUMO+1), 172/, and are accompanied by weak vibrational
features (Figure S) which have been assigned in Table S to C—

50 . (16a)7?

al T Ty 4dllsd Tlsp'sd T Tep 6d |
4s P $ P 6s P 7s

(15a")7!
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Figure S. VUV photoabsorption spectrum of C,H;NO, in the 9.0—
10.8 eV energy region with labeled vibrational and members of
Rydberg series.

N stretching and NO, symmetric bending modes (see Section
VII). The transitions with Rydberg character will be discussed
in detail in Section VL

VI. RYDBERG SERIES

The members of a Rydberg series with energy E, have been
fitted with the Rydberg formula: E,= E,— R/(n— 5)* where E,
is the ionization energy, n is the principal quantum number of
the Rydberg orbital of energy E,, R is one Rydberg (13.61 V),
and 0 is the quantum defect resulting from the penetration of
the Rydberg orbital into the core. Due to lower resolution in
previous experiments and limited range of the photoabsorption
spectra, new vibrational features have been assigned in the

https://doi.org/10.1021/acs.jpca.2c08023
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Table 6. Energy Values (eV), Quantum Defects (6), and Assignments of the Rydberg Series Converging to Ionic Electronic
Ground (13a’)'X?A’, and First (12a’)"'A%A’ Excited States of CH,NO,” Compared with Previous Work”

(IE)),q = 11.07 eV (13a’)™"

(IE,),4 = 11.73 eV (12a')7"

E, o assignment E}?
(ns < 13a’)
7.637 1.01 3s 7.531
9.552 1.01 4s 9.541
10.251 0.92 Ss 10.170
10.54(3)(b) 092 6s 10.493
(np < 13a’)
8.420 0.73 3p 8.732
9.77(0)(s) 0.76 4p 9.761
10.315 0.75 Sp 10.309
10.583 0.71 6p 10.573
8.803 0.55 3p’ 8.792
9.91(1)(s) 0.57 4p/ 9.806
10.39(3)(w) 0.52 sp’ 10.347
10.629 0.45 6p’ 10.628
(nd « 13a’)
9.379 0.16 3d 9.518
10.14(6)(s) 0.16 4d
10.498 0.12 5d
10.66(5)(s) 0.20 6d

E, o assignment E}?
(ns « 12a’)
8.38(3)(s) 0.98 3s 8257
10.251 0.97 4s 10.247
(np < 124a')
9.08(3)(s) 0.73 3p 9.126
10.44S 0.75 4p 10.439
9.450 0.56 3p’ 9.315
10.583 0.55 4p’ 10.493
(np < 12a’)
10.01(5)(s) 0.18 3d 10.066

“(s) shoulder structure; (b) broad structure (the last decimal of the energy value is given in parentheses for these less-resolved features). bSee text

for details.

Table 7. Energy Values (eV), Quantum Defects (8), and Assignments of the Rydberg Series Converging to Ionic Electronic
Ground (16a’)'X?A’, and First (15a’)'A%A’ Excited States of C,H,NO,™"

(IE,), = 11.08 eV (16a’)™"

(IE,), = 11.51 eV (15a4’)7"

E, 1 assignment

(ns « 16a’)

7.54(2)(s,w) 1.04 3s
9.54(5)(b) 1.02 4s
10.22(1)(s) 1.02 Ss
10.53(8)(s,w) 099 6s
10.77(1)(s) 0.93 7s
(np < 16a’)

8.52(1)(s,w) 0.69 3p
9.82(4)(s,w) 071 4p
10.34(1) (s,w)/10.38(0)(s) 0.71/0.59 sp
10.59(7)(w) 0.69 6p
(nd < 16a’)

9.48(3)(w) 0.08 3d
10.20(0)(s) 0.07 4d
10.52(1) (s,w) 007 sd
10.71(1)(s,w) —0.07 6d

E, o assignment

(ns < 15a’)

8.26(6)(b) 0.95 3s
10.05(6)(s) 0.94 4s
10.65(2)(s;w) 1.02 Ss
(np < 154a’)

8.86(9)(s,w) 073 3p
10.22(1)(s) 0.75 4p
10.77(1)(s) 071 Sp
(nd < 154a’)

9.79(7) (s,w) 0.18 3d
10.60(6)(b,w) 0.12 4d

“(s) shoulder structure; (w) weak feature; (b) broad structure (the last decimal of the energy value is given in parentheses for these less-resolved

features). "See text for details.

Rydberg region, with only a few being previously reported for
nitromethane,”® while, to the authors’ knowledge, no
information for nitroethane is available in the literature.
Therefore, in the following discussion, we present a detailed
analysis of the Rydberg series (Tables 6 and 7) and their fine
structure assignments in Section VII and Tables 2, 3, and 5.
VI.A. Nitromethane, CH;NO,. The VUV photoabsorption
cross section above 7.5 eV consists of a series of sharp peaks
assigned as ns, np, np’, and nd Rydberg states (Figure 1)
converging to the ionic electronic ground (132’)7'X*A’ and
first (12a’)7'A%A’ excited states, with adiabatic values of 11.07
and 11.73 eV. Some of the members in the Rydberg series are

in good agreement with the values reported by Walker and
Fluendy,' and Shastri et al.” but we have been able to assign n
> 3 members of the nd(13a’)™! series (Table 6).

The first member of an ns series is found to lie at 7.637 eV
(Table 6), is assigned to the (3s « (13a’)) excitation, with a
quantum defect § = 1.01 (Table 6), and is coincident with a
component of a vibrational excitation pattern (Section VII).
The 4s term appears at 9.552 eV with a quantum defect of
1.01, also showing a modest associated vibrational excitation.
The calculated vertical excitation energy is assigned at 9.702
eV (Table 1) and is due to the 45(19a’) « 7y(13a’) transition
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Figure 6. PECs for the ground and low-lying excited singlet states of C,H;NO,, plotted as a function of the Rc_y coordinate, and calculated at the
TD-DFT/B3LYP/aug-cc-pVDZ level of theory in the C, symmetry group. See text for details.

with the contribution of a 4p Rydberg series. Subsequent
Rydberg features are observed up to n = 6.

The first members of the two np (np < 13a’) and (np’ «
13a") series are associated with absorption features at 8.420
and 8.803 eV (5 = 0.73 and 0.5, respectively) (Table 5), the
latter has also been assigned to contribute to a valence 7*(4a")
« 7no(2a”) transition (Table 1). The nd series extends up to
n = 8 with average quantum defects of 6 = 0.74 and 0.52,
respectively. The members n = 3, 4, and 6 of the nd series are
also part of a vibrational pattern in this region of the

absorption spectrum.

Our assignments also report the presence of one nd (nd «
13a’) series, with the n = 3 feature at 9.379 eV (6 = 0.16)
(Table 5), while other transitions to higher members of the
Rydberg series up to n = 6 are also discernible. The first
member of the nd series and the feature at 10.66(S) eV are
coupled with C—N stretching and NO, symmetric bending

modes (Section VII).

The Rydberg series converging to the ionic electronic first
excited state are listed in Table S and have been assigned to the
(nsnp,np’,;nd <« 12a’) transitions. The first members of the
ns,;np,np’,nd series are associated with features at 8.38(3) eV (6
= 0.98), 9.08(3) eV (8 = 0.73), 9.450 eV (5 = 0.56), and
10.01(5) eV (8 = 0.18) (Table 5). The calculated vertical
excitation energy of 3s is at 7.510 eV (f, & 0.0363) (Table 1),
while Shastri et al.” report it at 7.845 eV (f ~ 0.0354). The
10.251 and 10.583 eV features assigned to 4s and 4p’ can also
be ascribed to 5s(13a’)™' and 6p(13a’)”!, coupled with
vibrational excitation. Tentative assignments of these series
have only been made for n = 4 because higher members lie
outside the photon energy range investigated.

VI.B. Nitroethane, C,;HsNO,. The first member of ns
Rydberg transition is assigned to (4s « (16a’)) at 7.54(2) eV
and with a quantum defect 0 = 1.04, while other transitions to

higher-order Rydberg members n

7, are also reported in

Table 7. Note that the shape of the absorption band where the
4s member is assigned can also be due to a valence character
(24%) (see Table 4), and the slightly larger value of that

quantum defect for the 4s member is attributed to the
influence of the vibrational excitation observed in this region of
the absorption spectrum.

The lowest-lying member of the np (np < 16a’) series is
associated with the absorption feature at 8.52(1) eV (8 = 0.69)
(Table 7). The relative increase in the value of the quantum
defect for the 4p member of the Rydberg series (§ = 0.71) can
be attributed to vibrational features, as discussed in Section
VIL

The assignments in Table 7 also report the presence of one
nd (nd < 16a’) series, with its first member, the n = 3, at
9.48(3) eV (6 = 0.08), while other members have been
assigned up to n = 6.

Three Rydberg series converging to the ionic electronic first
excited state are listed in Table 7 and have been assigned to the
(nsnpnd < 15a’) transitions. The lowest-lying members of
the ns,;np,nd series are associated with features at 8.26(6) eV (8
=0.95), 8.86(9) eV (8 = 0.73), and 9.79(7) eV (5 = 0.18). We
note that features at 10.22(1) and 10.77(1) eV assigned to
4p(15a’)"" and 5p(15a’)™" are also due to excitations from the
ground state to Ss(16a’)™' and 7s(16a’)”' members of
Rydberg series (Table 7). Tentative assignments of the
(nsnpnd < 1Sa’) series have only been made for n = §
because members for n > S lie outside the photon energy
range.

Vil. VIBRATIONAL EXCITATION COUPLED WITH
RYDBERG SERIES

VILLA. Nitromethane, CH;NO,. Vibrational excitation
associated with several of the Rydberg series is presented in
detail in Tables 2 and 3. However, to avoid congestion in the
Rydberg series, we have not labeled these in the figures but
only indicated their energy positions by vertical bars in the
series (Figure 3). The three modes being excited are mainly
those already reported for the valence excitation in the 7.3—8.3
eV energy region, they correspond to NO, symmetric
stretching, v5(a’), C—N stretching, vj(a’), NO, symmetric
bending, vi(a’) and NO, rocking, vi(a’). The excitation of
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these modes is characterized by average energies of 0.157,
0.098, 0.071, and 0.045 eV, respectively, with ground-state
values of v4(a’) = 0.171 eV, vj(a’) = 0.114 eV, vi(a’) = 0.081
eV and vg(a’) = 0.059 eV.*” Combination bands of these
modes and progressions, involving the NO, symmetric
bending, vi{(a’) and the NO, rocking, vg(a’), have also been
assigned. The normal mode description of vibrations is
relevant for the lowest-lying excitations, with the possibility
of Fermi resonances (Table 2).

VII.B. Nitroethane, C;HsNO,. The high-resolution VUV
spectrum shows the presence of some diffuse structures (see
Figures 4 and S) mainly above 9.0 eV, which we have
tentatively assigned as vibrational excitations (Table 5). From
the mean energy separation of 0.114 and 0.059 eV, the
structure may be attributed to excitation of C—N stretching,
v4(a’) and NO, symmetric bending, vi(a’) modes, with
ground-state values of v4(a’) = 0.109 eV and vi(a’) = 0.077 eV.
The fine structure involving the Rydberg series converging to
the (16a’)™" and (15a’) " states have been marked in Figure S,
with the assignments only included in Table S, to avoid
congestion of the figure. Combination bands of these modes
and progressions involving the NO, symmetric bending mode
vi(a’) are also assigned in Table S.

VIIl. POTENTIAL ENERGY CURVES ALONG THE C-N
COORDINATE

Potential energy curves (PECs) along the C—N bond have
been obtained at the TD-DFT/B3LYP/aug-cc-pVDZ level of
theory for nitromethane and nitroethane in the C, symmetry
group. The molecules’ other geometric parameters were kept
frozen at their equilibrium values. The lowest-lying excited A’
and A" states in Figures S7 and 6, for nitromethane and
nitroethane, together with their characters at ARc_y = 0.6 A,
are plotted for the eclipsed conformers, while those for the
staggered conformers are not shown since no appreciable
relative differences were found.

VIII.A. Nitromethane, CH;NO,. Ultrafast photodissocia-
tion dynamics studies of Nelson et al." at 266 nm (4.661 eV)
have revealed that NO, dissociation was found to be relatively
fast (81 fs) compared to the slower isomerization process (452
fs) that can occur via recombination of the CH; radical and
NO, yielding CH;ONO. Additionally, Nelson et al."> have
reported a calculated NO, abstraction with a quantum yield of
@a(CH3NO,) = 0.24.

The first two excited states show a bonding potential well
even when the ARc_y coordinate is increased, where
dissociation can only be attained for ARc_y > 0.6 A. This
may explain the absence of a dissociative character in the
absorption bands peaking at 4.550 and 6.271 eV (Figure 1).
This is in accordance with previous work.”> However, as the C—
N bond is stretched to 0.6 A, the rather weak C--N character
of HOMO-1 and HOMO-2 bonds, show the imminent
dissociative character involving any electron promotion to
the LUMO and LUMO+1 for the four lowest-lying excited
states (Figure S7, right).

The behavior of the lowest-lying 7*(4a”) < fy/0cn(12a")
transition is in agreement with the ultrafast dissociation
dynamics of nitromethane through C—N bond excision (81
fs), followed by a fast isomerization and subsequent rebinding
of CH; and NO,."* However, if dissociation may be operative
in this energy region, then the multidimensional landscape of
the reaction coordinates available in nitromethane may follow
a different route which is not via the C—N coordinate. Yue et

al.*' have reported photodissociation studies at 266 nm (4.661
eV) of nascent OH being produced vibrationally cold. Note
that Shastri et al.” have also reported PECs as a function of the
NO bond length to discuss the pathway yielding CH;NO + O,
as another mechanism in the photodissociation dynamics of
nitromethane. For further detailed description of the nuclear
dynamics that may govern the (pre)dissociative character of
the low-lying excited states, see ref 3 and references therein.

A close inspection of Figure S7 shows that above 7 eV, the
rather dissociative character observed in the photoabsorption
bands (Figure 1) is due to a background contribution, thus
shifting the absorption features from the baseline of the
spectrum. The dissociative character of these transitions can be
explained by the quasi-degenerate nature of the potential
energy curves at given ARc_y values, where the nuclear wave
packet can adiabatically evolve “down the hill”, either
correlating with the asymptotic limits of the second or the
third excited states. It is interesting to note that internal
conversion from Rydberg to valence character may be
operative at those energies, which is clearly depicted in the
molecular orbital representations from the left to the right
panels of Figure S7 (e.g., the fourth and the second excited
states). This mechanism is responsible for vibronic coupling
that can hold for the close-lying overlap between, e.g., 3s(14a’)
« Tp/ocn(12a’) and #*(4a”) « m(3a”) transitions (see
Figure 2), where fine structure has been assigned to C—N
stretching, v4(a’) and NO, symmetric bending, v;(a’) modes.
Note that the underlying dynamics governing the internal
conversion is a rather complex process given the different
reaction coordinates involved. However, the rather bonding
nature of the excited electronic states may render some pre-
dissociative character in the absorption spectrum, which
becomes more noticeable for higher-lying excited states
above 9 eV, where at smaller relative AR_y values (0.4 A)
these states can already cross with others correlating with their
asymptotic limits yielding bond breaking. It is commonly
accepted that the theoretical calculation methodology
employed here does not provide an accurate description of
the higher-lying excited states. However, these have been
obtained and those PECs plotted in Figure S7 only serve to
give a qualitative description of the reaction coordinate as it is
stretched from its equilibrium geometry. This molecular bond
breaking description is certainly more intricate and may
involve rather complex nuclear dynamics in the multidimen-
sional potential energy surfaces.

VIIL.B. Nitroethane, C,HsNO,. The two lowest-lying
excited states show a rather similar behavior as noted in
nitromethane, i.e., the bonding nature of the PECs occurs even
at larger AR _y values (~0.6 A) meaning that the absorption
features in the spectrum are due to 7*(5a") « 7y/6cn(15a")
and 7*(5a”) « nm(4a”) as noted before. Additionally,
photodissociation studies at 266 nm (4.661 €V) reported
vibrationally cold OH and NO radicals,*"** thus meaning that
the nuclear dynamics of the lowest-lying electronic states of
nitroethane are complex mechanisms within the accessible
potential energy surfaces as a function of the different degrees
of freedom. However, above 8 eV the considerable relevant
crossing between the different PECs may be responsible for the
efficient dissociative character of these states, some correlating
with the asymptotic limit at ~6.5 eV and at higher energies at
~8 eV. Also, relevant above 7 eV is the conversion from
Rydberg (e.g,, fourth excited state) to valence character (e.g.,
third excited state) as the reaction coordinate changes within
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Figure 7. PECs for the ground and low-lying excited singlet states of C,H;NO,, plotted as a function of the Ry coordinate, and calculated at the
TD-DFT/B3LYP/aug-cc-pVDZ level of theory in the C, symmetry group. See text for details.

the adiabatic description of the potential energy curves
involved. It is worth mentioning that from a close inspection
of Figure 6, nitroethane PECs show for the higher-lying excited
states a more bound (deeper potential energy wells) character
than in nitromethane. However, the crossings between
different electronic states are noted at lower AR._y values
(ca. 02—0.3 A) than in nitromethane (~0.4 A), thus resulting
in less extensive fine structure and so less relevant pre-
dissociative character but rather more relevant bond breaking.
The MOs with electron densities up to the fifth excited
electronic state show the dissociative character of the nuclear
dynamics as a function of the C—N stretching coordinate.

We are not aware of any previous photodissociation studies
along the NO coordinate, yet studies by Li et al.** of the
photolysis of nitroethane at 266 nm (4.661 eV) report mainly
the C,H;O + NO reaction, noting that the competition among
the different energetically accessible channels may also lead to
C,H; + NO, — C,H; + O + NO. Nonetheless, potential
energy curves for the eight lowest-lying singlet electronic states
above the neutral ground-state have been obtained as a
function of the NO stretching mode (Figure 7). The significant
dissociative character attained through access to the third
electronic state at ~7.5 eV may also correlate in the asymptotic
limit with higher-lying states through efficient curve crossing.
At higher energies, although a few potential energy wells are
quite shallow with modest barriers, relevant crossing at ~0.3 A,
may allow an efficient dissociative process (via pre-dissocia-
tion). The nitroethane spectrum in Figure 4 shows that above
8 eV, the photoabsorption features are quite shifted from the
baseline signal, which can be indicative of the dissociative and/
or pre-dissociative nature of those transitions.

IX. ABSOLUTE PHOTOABSORPTION
CROSS-SECTIONS AND ATMOSPHERIC
PHOTOLYSIS

Using the Beer—Lambert law (Section II) we have derived
absolute photoabsorption cross sections over the energy range
3.7—10.8 eV. The n* < x absorption bands in nitromethane
were found to have maximum cross sections of 0.04 and 16.10
Mb at 4.550 and 6.256 eV, respectively, with identical values

reported in the earlier photoabsorption studies of Walker and
Fluendy.' As far as nitroethane is concerned, the 7% « 7
transition at 4.476 eV (277 nm) with a maximum cross section
of 0.04 Mb (4.476 eV) is in excellent agreement with the
available MPI-Mainz UV/VIS Spectral Atlas data®™ while
Goodeve™ reported a value of ~0.06 Mb. Using the present
cross section values, we can model the atmospheric destruction
of CH;NO, and C,H;NO, by ultraviolet photolysis as a
function of altitude in the Earth’s atmosphere from sea level up
to the limit of the stratopause (50 km). Details of the program
are presented in a previous publication by Limao-Vieira** and
co-workers. Photolysis rates at a given wavelength were
calculated as the product of the solar actinic flux,*> and the
molecular photoabsorption cross section at 1 km altitude steps
from the surface up to the stratopause. At each altitude, a total
photolysis rate may then be calculated by summing over the
individual photolysis rates for that altitude. The reciprocal of
the total photolysis rate for a given altitude gives the local
photolysis lifetime at that altitude, i.e., the time taken for the
molecule to photodissociate at that altitude assuming the solar
flux remains constant. The quantum yield for NO, elimination
from nitromethane is taken to be 0.24 at 266 nm, from the
work of Nelson et al,"* and an identical value is assumed for
nitroethane due to lack of any information in the literature and
for the similar magnitude of the lowest-lying absorption bands
of both chemical compounds. Computed photolysis lifetimes
of less than 1 sunlit day were calculated at all altitudes above
ground level, therefore indicating that the nitromethane and
nitroethane molecules can be efficiently photolyzed at these
altitudes. Liu and co-workers'® reported a complete study of
the gas-phase kinetics for the CH;NO, + OH and C,H;NO, +
OH reactions, as a function of the temperature (240—400 K),
reporting rate values of ko (298 K) = (1.58 + 0.09) x 107"
cm® molecule™ s7! and koy (298 K) = (7.22 + 0.82) x 107"
cm® molecule™ s7', respectively. As far as we are aware, there
is no comprehensive study on the lifetimes for the reactions of
nitromethane and nitroethane with ®OH radicals, or any other
oxidation processes, e.g., reactions with NO, pollutants and
their products produced in fossil fuel combustion, to assess the
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role of such processes as the main sink mechanism for these
molecules.

X. CONCLUSIONS

We have measured high-resolution VUV spectra of nitro-
methane and nitroethane over the energy range between 3.7
and 10.8 eV using synchrotron radiation. Photoabsorption
bands attributed to valence, mixed valence-Rydberg, and
Rydberg transitions are observed in the spectra. All of these
bands have been identified and compared with previous work
when available, with several new structures being observed and
assigned for the first time. The electronic state spectroscopy of
nitroethane has allowed the assignment, for the first time, of
fine structure in the spectra, which are due to the contributions
of C—N stretching and NO, symmetric bending modes. The
assignment of the electronic transitions was performed with
the aid of TD-DFT calculations on the vertical excitation
energies and oscillator strengths. The absolute photoabsorp-
tion cross sections have also been measured and were used to
derive photolysis rates of both chemical compounds in the
terrestrial atmosphere from the seal level up to the strato-
sphere, indicating that solar photolysis is expected to be a
strong sink for these molecules at all altitudes above sea level.
Reactions with *OH radicals seem to be relevant; however,
comprehensive studies of the gas-phase lifetimes of CH;NO,
and C,H;NO, with hydroxyl in the Earth’s atmosphere are
needed to properly assess the role of such reactions. Further
work on the atmospheric chemistry of both compounds is
needed to quantify their role in global warming and ozone
depletion. Potential energy curves as a function of the C—N
coordinate, for the lowest-lying excited A’ and A” states, were
obtained at the TD-DFT/B3LYP/aug-cc-pVDZ level of
theory. These have shown that the pre-dissociative character
along the C—N reaction coordinate is more efficient in
nitromethane than in nitroethane within the accessible
Franck—Condon region of the electronic transitions.
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