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Abstract. We present novel results of the analysis of the electronic structure of two aliphatic esters: methyl
butyrate and methyl valerate. High-resolution photoabsorption spectra were collected and analyzed over the
energy range 4.0 — 10.8 eV and showed for both the molecules not only a clear band of the HOMO to LUMO
transition, but also vibronic structure associated with the first Rydberg-valence transition. Photoelectron
spectra recorded from 9 to over 28 eV revealed many ionization states with the first adiabatic ionization
energies found to be 9.977 eV and 9.959 eV for methyl butyrate and methyl valerate, respectively. Ab
initio calculations have been performed in order to help assigning the photoabsorption and photoelectron
features. Photolysis life times in the atmosphere were calculated revealing that photolysis is not competitive
over hydroxyl radical scavenging in the process of removal of the esters from the atmosphere.

PACS. PACS-key discribing text of that key — PACS-key discribing text of that key

1 Introduction

The knowledge of the electronic structure and properties
of esters is of common interest in numerous areas, yet
still the data requires being updated either because it is
outdated, was recorded with poor resolution, or is simply
absent. Esters occur both naturally, being secreted from
plants, and by human actions as a by-product of industrial
processes. These compounds are widely used in the food
and flavoring industry due to their distinct aroma ([1,2]),
but they also are of potential interest to astrochemists,
who find the smallest members of this group in the in-
terstellar medium, which is of interest for their possible
role in the origins of life [3]. Both molecules of interest
can serve as insecticides [4]. Methyl valerate in its pure
form is used as plasticizer [5] and shows a potential as
a in production of biofuels [6]. Due to their low vapour
pressure that makes them easy to handle, both esters are
produced on a massive scale and thus they are likely to
be released to the atmosphere. Since it was shown that
the main products of photolysis of such esters are carbon
monoxide and dioxide, it is crucial to get an insight into
their structure and properties [7].

Previously we have reported our findings on methyl
formate [8], ethyl formate [9], isobutyl formate [10], ethyl
acetate [11], isobutyl acetate [12] and some acetates and
propionates [13]. Here we present our findings on a fur-
ther two methyl esters: butyrate and valerate. The high-
resolution VUV photoabsorption and photoelectron spec-
tra presented here were measured for the first time for
these compounds. The measured photoabsorption cross-
sections have been used to calculate the photolysis life-
times of these compounds in the upper atmosphere (20—
50 km) of the Earth. The experimental findings are sup-
ported by theoretical calculations that allowed the deter-
mination of the ionization energies in the photoelectron
spectra of both compounds and revealed predominantly
mixed valence-Rydberg character of the transitions re-
solved in the photoabsorption spectra.

2 Experimental

2.1 The samples

The liquid samples used in both the VUV photoabsorption
measurements (PA) and the photoelectron spectroscopy
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(PES) experiments were purchased from Sigma-Aldrich
with a stated purity of 99%. The samples were degassed
by repeated freeze-pump-thaw cycles with no further pu-
rification.

2.2 Photoelectron measurements

The photoelectron spectra of methyl butyrate, Figure 1,
and methyl valerate, Figure 2, were measured at the VLS-
PGM beamline [14] at the Canadian Light Source facil-
ity in Saskatoon, Canada, using a Double Toroidal Co-
incidence Spectrometer, that was designed and used for
analysis of noble gases and small, diatomic molecules [15],
but it was recently proven that it may also be used for
measurements of more complex systems [16]. In our ex-
periments we have used the data collected by the 180°
toroidal detector, set at a pass energy of 4 eV. The mea-
sured resolution from the nitrogen calibration spectra was
60 meV. The photoexcitation energy of the photoelectron
spectrum presented here was 80 eV, recorded with the en-
trance and exit slits of the VLS-PGM beamline set at 50
micrometers.

Methyl valerate
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Fig. 2. Photoelectron spectrum of methyl valerate, C¢H1202,
in the 9.0— 28.0 eV region, collected at 80 eV initial pho-
ton energy; * denotes B, HoO contamination; the stick spec-
trum represents the computed ionization energies at the M06-
2X /aug-cc-pVTZ geometry with the P3+ method for the most
abundant conformers: (a,a), black, and (g+,a), red.

Spectra presented here were calibrated against the X2 Z; ,2.3 Photoabsorption measurements

V' =0 and A2IT,, v = 0 peaks of N;‘, rounded to three
decimal places [17,18].

The stars marked on the spectra in the figures denote
the 2B ionic state of water contamination that was also
used to check the accuracy of the calibration of the energy
scale.

Methyl butyrate
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Fig. 1. Photoelectron spectrum of methyl butyrate, CsH19O2,
in the 9.0— 29.0 eV region, collected at 80 eV initial pho-
ton energy; * denotes 2B; HyO contamination; the stick spec-
trum represents the computed ionization energies at the MO06-
2X /aug-cc-pVTZ geometry with the P3+ method for the most
abundant conformers: (a,a), black, and (g+,a), red.

The high-resolution VUV photoabsorption spectra of methyl
butyrate, Figure 3, and methyl valerate, Figure 4, were
measured at the UV1 beam line, using the ASTRID syn-
chrotron light source at Aarhus University, Denmark. The
experimental apparatus has been described in detail pre-
viously [19].

The sample pressure is measured using a capacitance
manometer (Baratron). To ensure that the data were free
of any saturation effects [20,21], the cross sections were
measured over the pressure range 0.07-1.27 mbar with
typical attenuations below 40%. A background scan is
recorded with the cell evacuated. Absolute photoabsorp-
tion cross sections are then obtained using the Beer—Lambert
attenuation law

I = Iy x exp(—nox), (1)

where I; is the radiation intensity transmitted through the
gas sample, Ij is that through the evacuated cell, n is the
molecular number density of the sample gas, o is the abso-
lute photoabsorption cross section, and x is the absorption
path length (15.5 cm) [22]. A small amount of water con-
tamination (<15%) was observed in the spectra recorded
for these samples. The water contribution was subtracted
in the present spectra. Due to this, the accuracy of the
cross-section is estimated to be around +15%.

3 Computational methods

All the calculations have been done with the Gaussian 16
rev B.01 code [23]. The geometry of the conformers was
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Fig. 3. Photoabsorption spectrum of methyl butyrate, CsH10Ox2, in the 4.0— 10.8 eV region; close-up shows the first valence

HOMO—LUMO transition. See text for further details.

optimised at the MP2 level, as well as with density func-
tional theory (DFT), using the ultrafine grid size. As dis-
cussed in detail in the Supplementary Information (SI),
several methods were tested on the relative energies of
the conformers and compared with previous works [24,
25]. The M06-2X [26] was thus employed. The optimized
geometry of the conformers was obtained using the tight
criteria and unscaled zero-point vibrational energies were
calculated within the harmonic approximation. The basis
set used for these calculations is Dunnings aug-cc-pVTZ
[27,28]. For the calculation of higher Rydberg states, this
basis set was supplemented with a set of (8s8p3d) diffuse
functions taken from Kaufmann et al. [29,22] centred on
the carbon atom close to the middle of the molecule. The
oscillator strengths were evaluated with the length gauge.
The assignment of the transitions was performed by visual
inspection of the Natural Transition Orbitals (NTOs) [30]
using the Chemcraft software [31]. Finally, the ionization
energies were obtained at the OVGF, P3 and renormal-
ized P3+ levels (see [32,33] for recent reviews). Detailed

information on computational methods and structure on
both molecules can be found in the SI.

4 Structure of methyl butyrate and methyl
valerate

According to previous results, there are eight possible con-
formers for methyl valerate [24] and four for methyl bu-
tyrate [25]. Nonetheless, the analysis of the rovibrational
spectroscopic data show that for both of these esters, only
the (a,a), with Cg symmetry, and (g+,a), with no symme-
try, conformers are present in almost the same quantities.
Therefore, only these two conformers were investigated.
In Figure 5 and Figure 6 the structures together with
the highest occupied molecular orbital, HOMO, HOMO-1,
HOMO-2 localization on both the conformers and LUMO
for the (a,a) one, are shown for methyl butyrate and methyl
valerate. The bond lengths can be found in the SI. The
orbitals in square brackets denote the core ones, the re-
maining are valence orbitals. For the (a,a) conformer of
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Fig. 4. Photoabsorption spectrum of methyl valerate, CsH1202, in the 4.0— 10.8 eV region; close-up shows the first valence

HOMO—LUMO transition. See text for further details.

methyl butyrate the electron configuration is [la’? 2a’
3a? 42’2 52’2 6a’? 7a®] 8a’? 9a’? 10a’? 11a’ 12a’? 13a™
14a’ 15a’ 1a”2 162’2 22”2 172’2 182’2 3a”2 19a’® 4a”?
20a’? 21a’? 42”2 5a’? 22a’%, whereas for (g4,a) one the
electronic configuration is simply [1a? 2a? 3a? 4a? 5a? 6a2
7a%] 8a% 9a% 10a? 11a? 12a2 13a% 14a? 15a2 16a2 17a% 18a2
19a? 20a? 21a2 22a2 23a? 24a? 25a2 26a? 27a% 28a2.

Similarly, for methyl valerate the configuration of the
(a,a) conformer is [1a’? 2a’? 3a’® 4a’? 5a'? 6a’? 7a’?] 8a’®
9a’2 102’2 11a’ 12a’% 132’2 14a’ 152’2 162’2 17a’2 1a”?
18a’2 2a”219a’ 3a”2 20a’? 21a? 4a”? 22a’ 23a’? 5a”?
24a’2 6a”2 7a” 252’2 and for the (g+,a) one: [1a? 2a? 3a®
4a? 5a% 6a% 7a?] 8a? 9a% 10a% 11a% 12a% 13a% 14a2 15a2
16a% 17a2 18a% 19a? 20a? 21a? 22a? 23a? 24a® 25a 26a”
27a% 28a? 29a? 30a2.

In all cases the HOMO, as in previously analyzed es-
ter molecules, in the neutral ground state is localized pre-
dominantly on the terminal oxygen in-plane lone pair. In
the case of methyl butyrate the HOMO is (22a’)? for the
(a,a) conformer and (28a)? for the (g4,a) one, whereas

for methyl valerate the HOMO is (25a’)2 for the (a,a)
conformer and (30a)? for (g+,a).

Since the distinct presence of both conformers con-
tribute equally to the spectra, in this work we will refer
to the states as the HOMO, HOMO-1, etc., meaning e.g
for HOMO of methyl butyrate both (22a’)? for (a,a) con-
former and (28a)? for the (g+,a) one.

5 Results and discussion
5.1 Photoelectron spectra

The photoelectron spectra of methyl butyrate and methyl
valerate are shown in Figure 1 and Figure 2. Based on the
calculated values for both conformers, which are shown
for methyl butyrate in Table 2 and methyl valerate in Ta-
ble 3, it was possible to identify most of the ionization
energies of both molecules. The values obtained based on
the experimental spectra are also shown in the tables for
comparison with the results of the calculations. The best
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Structure

HOMO

HOMO-1

HOMO-2

LUMO

Fig. 5. The structure and HOMO, HOMO-1, HOMO-2, LUMO localization on both the (a,a) and (g+,a) conformers of methyl

butyrate, CsH10O2.

accuracy was obtained for energies obtained from calcula-
tions using the P3+ method.

In the case of methyl butyrate it was not possible to re-
solve unambiguously the ionization energy from the third,
fourth and fifth orbital, since they appeared too close to-
gether. For methyl valerate it was the position of addi-
tional 2 orbitals for the (a,a) conformer and one for (g+,a)

that were impossible to determine from the experimental
spectrum.

The analysis of the first ionic state of both esters al-
lowed not only the determination of the value of the first
adiabatic and vertical ionization energies of the compounds,
but also revealed a vibronic progression, similar to one
seen for previous esters. The structure is depicted in Fig-
ure 7, top for methyl butyrate and bottom for methyl
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Fig. 6. The structure and HOMO, HOMO-1, HOMO-2, LUMO localization on both the (a,a) and (g+,a) conformers of methyl

valerate, CgH1205.

valerate. The obtained values are summarized in Table 1.
With an average spacing of v/,=0.153 eV for methyl bu-
tyrate and //;,=0.151 eV for methyl valerate, the vibration
corresponds to a combination of C-O stretch combined
with C=0 stretch, as found previously for other esters.

5.2 Valence states, transitions and Rydberg series in
photoabsorption spectra

According to the calculations presented in the Tables 4
and 5, the first absorption bands that are centered at 5.877
eV for methyl butyrate and 5.883 eV for methyl valerate

(Figures 3 and 4) correspond to the firss HOMO—LUMO
valence transition.
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Table 2. Calculated vertical ionization energies and pseudo-intensities (pole strengths PS) of methyl butyrate for (a,a) and
(g+,a) symmetries at the M06-2X/aug-cc-pVTZ geometry calculated with propagator methods, compared with experimental

values, all in eV.

Configuration Calculated / eV Experimental / eV
Koopmans OVGF PS P3 PS P34+ PS
(a,a)
222’ ! 12.115 10.744 0.895 10.595 0.891 10.387 0.885 10.281
5a” 12.541 11.460 0.899 11.359 0.894 11.224 0.890 11.002
4a” 1 13.045 12.285 0.915 12.200 0.912 12.160 0.911 -
212’71 13.309 12.379 0911 12.402 0.907 12.338 0.905 -
202’ ! 13.670 12.491 0902 12.543 0.897 12420 0.894 —
19271 14.409 13.334 0.909 13.193 0.906 13.071 0.902 13.166
4a” 1 14.155 13.274  0.905 13.202 0.900 13.138 0.898 13.166
3a” ! 15.434 14.571  0.909 14.488 0.904 14.446 0.903 14.471
18a~1 15.662 14.624 0.907 14.556 0.902 14.495 0.901 14.471
17271 16.186 15.025 0.905 14.933 0.900 14.815 0.897 14.708
22”1 17.334 16.026  0.907 16.014 0.899 15.953 0.897 15.692
16a’ ! 18.321 16.518 0.893 16.510 0.890 16.268 0.881 16.202
1la” ! 18.564 16.879 0.893 16.882 0.887 16.735 0.882 16.884
1521 19.088 17.170 0.886 17.194 0.881 17.006 0.874 17.325
14a’~1 20.873 18.857 0.886 18.801 0.882 18.603 0.875 18.551
(g+,2)
282 ! 12.007 10.750  0.897 10.612 0.893 10.414 0.887 10.281
272"t 12.557 11.470 0.898 11.364 0.893 11.222 0.888 11.002
252’71 13.203 12.225 0.908 12.284 0.903 12.206 0.901 —
26a’ ! 13.136 12.301  0.913 12272 0.909 12.219 0.908 —
242>t 13.355 12.399 0910 12.308 0.907 12.228 0.904 -
23a’ ! 14.337 13.225 0908 13.091 0.905 12956 0.900 12.973
22a 71 14.525 13.578 0.902 13.512 0.897 13.427 0.895 13.487
212’7} 15.314 14.268 0.907 14.241 0902 14.170 0.900 14.110
202’7t 15.400 14.386  0.907 14.294 0.902 14.227 0.900 14.110
192’1 16.771 15.497 0.908 15.514 0.900 15435 0.897 15.233
18a) 1 16.892 15.618 0.908 15.626 0.900 15.553 0.898 15.233
17a)71 18.289 16.506 0.894 16.512 0.890 16.277 0.882 16.202
16a’ ! 18.514 16.795 0.893 16.800 0.886 16.641 0.881 18.884
152’71 19.130 17.255 0.888 17.256 0.883 17.079 0.876 17.325
14a)~1 20.829 18.797 0.885 18.745 0.882 18.534 0.875 18.551

Table 1. Experimental values of adiabatic and vertical ioniza-
tion energies of methyl butyrate and methyl valerate together
with the vibrational mode ¢4 that can be distinguished in the
first ionization band, all in eV.

Methyl butyrate Methyl valerate

Adiabatic 9.977 9.959
Vertical 10.286 10.259
vy 0.153 0.151

The spectra of both molecules present distinct sim-
ilarities in shape and energy position of detected tran-
sitions. Calculations revealed highly mixed character of
the transitions within the investigated range, thus there
are no distinct features present, apart from the second
band that was assigned to HOMO—3s/c* and HOMO-

1—3s/0* transitions, localized on the CH bond in both
compounds. The mixed character of the transitions to-
gether with the complexity of the molecules and continu-
ous overlap of the states at higher energies made it difficult
to perform any unambiguous assignments. In the case of
methyl butyrate, apart from a few members of some Ryd-
berg series, a shoulder feature, marked A, was assigned to
the HOMO-1-LUMO transition for the (a,a) conformer

together with a mixed transition HOMO-1-LUMO+HOMO—3d

for the (g+, a) conformer, centered at 8.683 eV. A band
labeled B at 9.124 eV was identified either as HOMO-
3—3s/o* for (a,a) or a mixed transition from HOMO-4 in
(g+,a). The structure centered at 9.311 eV is most likely
either another mixed transition from HOMO-4 orbital, but
in (a,a), or a HOMO—4p one in (g+,a).

Similarly, for methyl valerate, there are 3 bands A’, B,
C’ marked in the spectrum. The first, at 8.562 eV, was also
assigned to a combination of HOMO-1—LUMO for the
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Table 3. Calculated vertical ionization energies and pseudo-intensities (pole strengths PS) of methyl valerate for (a,a) and
(g+,a) symmetries at the M06-2X/aug-cc-pVTZ geometry calculated with propagator methods, compared with experimental

values, all in eV.

Configuration Calculated / eV Experimental / eV
Koopmans OVGF PS P3 PS P34+ PS
(a,a)
252’ "t 12.076 10.712  0.895 10.594 0.891 10.394 0.885 10.240
7" ! 12.516 11.456 0.901 11.354 0.895 11.228 0.892 11.000
242’1 12.943 11.916 0.905 11.900 0.901 11.803 0.898 —
6a” ! 12.827 12.039 0914 11.926 0.910 11.876 0.909 -
5a” 13.088 12.026  0.905 12.092 0.900 11.999 0.897 -
232’71 13.596 12.735 0.910 12.662 0.906 12.616 0.905 —
222’71 14.308 13.201  0.909 13.069 0.905 12,942 0.901 —
212’71 14.660 13.609 0.905 13.551 0.901 13.471 0.898 13.457
4a” 1 14.597 13.751 0.904 13.637 0.899 13.577 0.897 13.575
20a ! 15.771 14.630 0.903 14.594 0.899 14.500 0.896 14.520
1921 16.276 15.102 0.903 14.994 0.899 14.894 0.895 14.811
3a” ! 16.087 15.003 0.911 15.002 0.902 14.961 0.901 14.811
22”1 17.584 16.209 0904 16.176 0.896 16.108 0.894 16.152
18a) 71 18.304 16.493 0.893 16.491 0.889 16.253 0.881 16.152
la” ! 18.572 16.886 0.893 16.882 0.886 16.740 0.881 18.84
17a’7! 18.989 17.0564 0.886 17.063 0.881 16.874 0.874 18.84
16a’~1 20.880 18.848 0.886 18.788 0.882 18.590 0.875 18.501
(g+,2)
324! 12.041 10746 0.897 10.611 0.894 10424 0.888 10.240
31a’"! 12.497 11.445 0901 11.347 0.895 11.223 0.892 11.000
302! 12.631 11.639 0905 11.673 0900 11.578 0.897 11.489
292’ * 12.855 11.989 0912 11.896 0.908 11.831 0.906 -
2827~ 13.037 12,009 0.906 12009 0902 11916 0.899 -
272’1 13.924 12.989 0.909 12.895 0.905 12.833 0.903 -
262 7! 14.146 13.063 0,906 12979 0902 12.870 0.898 -
252’ ! 14.497 13.530 0.908 13.378 0.904 13.293 0.902 13.305
240~ 14.682 13.697 0902 13.638 0.897 13556 0.895 13.575
232’1 15.799 14.717 0.904 14.647 0.900 14.567 0.897 14.520
22271 15.978 14.853 0.904 14.745 0.900 14.662 0.897 14.520
21a’ "t 16.523 15.277 0907 15.314 0.898 15.254 0.897 15.402
20a ! 17.190 15.857 0.906 15.828 0.898 15.748 0.895 15.768
191 18.307 16.503 0.893 16.501 0.889 16.263 0.881 16.152
18a’~! 18.476 16.736  0.892 16.734 0.885 16.574 0.880 18.84
17a)71 19.147 17.256  0.887 17.250 0.882 17.076 0.875 17.335
16a’ 1 20.829 18.789 0.885 18.728 0.881 18.524 0.874 18.501

(a,a) conformer together with a mixed transition HOMO-

1-LUMO+HOMO—3d for (g+,a) conformer. The B’ band
was tentatively assigned at 8.744 eV and corresponds to

HOMO-1— 3pr+ HOMO—3do for the (a,a) conformer

mixed with HOMO-1— 4+ HOMO-3—3s0/c* for (g+,a)

one. The last band C’ at about 9.107 eV was assigned

based on the calculations to either a mixed transition from

HOMO-2 in (a,a) conformer or also a mixed one from

HOMO-3 in (g, a) conformer.

The HOMO—3s/0* transition in the case of both methyl

butyrate and methyl valerate is associated with rather
complex vibronic structure, marked for both esters in Fig-
ure 8. For both esters we identified three vibrational modes
Va, Vb, Ve (labeled with prime for methyl valerate) of av-

erage energy spacing of 180, 68 and 48 meV, respectively.
The first mode, v,, is present in all PA spectra of esters
and corresponds to the most distinct vibration, resulting
from the combination of C—O and C=0 stretch. The v,
mode is most likely to be O=C-0O deformation combined
with a C-O stretch. A similar structure of an energy spac-
ing of c.a. 90 meV was seen in the spectrum of ethyl for-
mate [9]. The mode of average spacing of 48 meV, v,,
is ascribed to an OCC out-of-plane bend, seen in the PA
spectrum of isuobutyl acetate [10]. For methyl valerate we
also resolved a v/, mode of 130 meV and assigned this to
skeletal C—C stretching, which was also observed in methyl
and ethyl formates [8,9].
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tom), in the 9.6 10.7 eV region, collected at 80 eV initial pho-
ton energy with the most intense vibrational modes v/; and
vy, resolved, respectively.
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Fig. 8. First band of photoabsorption spectrum of methyl bu-
tyrate, CsHi0O2 (top) and methyl valerate, C¢Hi202 (bot-
tom), in the 6.8-7.8 ¢V range with the most intense vibrational
modes Vg, Vp, Ve and vy, Yy, Ve and vy resolved, respectively.

In the photoabsorption spectrum of methyl valerate,
a series of three peaks, evenly spaced with r,=144 meV
appear at about 6.5 eV (Figure 4). Such feature has not
been observed previously for other ester molecules[8-12].
This series may be an additional vibrational mode, such
as a series of C—C skeletal stretching, already seen here as
v4 associated with the v, mode.

Over the whole range the photoabsorption spectrum
was investigated, only the first two members of the Ryd-
berg series converging to the two highest ionic states were
resolved, mainly due to state overlap as a result of the
presence of the two conformers for each compound. The
other transitions were assigned based purely on the re-
sults from the computer calculations and the value of the
oscillator strength, since it was not possible to unambigu-
ously determine the value of the ionization energy from

Table 6. Energies (in ¢V), quantum defects and assignments
of the ns Rydberg series converging to the first two ionic elec-
tronic ground state of methyl butyrate and methyl valerate.

Vertical transition energy / eV Quantum defect, § Assignment

Methyl butyrate
1E;=10.286 eV

7.56 0.77 3so*
9.05 0.87 4so
IE5=11.002 eV
7.88 0.91 3so*
9.60 0.88 4s0
Methyl valerate
IE;=10.259 eV
7.48 0.79 3so*
8.99 0.73 4so0
IE2=11.000 eV
7.85 0.92 3so*
9.57 0.91 4so

HOMO-2, HOMO-3 and HOMO-4 for both esters. The re-
solved states are marked in Figure 3 for methyl butyrate
and Figure 4.

The values obtained for Rydberg series converging to
the first two ionization energies are summarized in Table
6 with the value of the quantum defect calculated based
on the well-known Rydberg formula. As for previously in-
vestigated esters, also here for the ns series the values of ¢
are between 0.7 and 0.9 for members of all transition fam-
ilies with the quantum defect values being higher for the
transitions converging to HOMO-1 ionization band than
those converging to the HOMO.

5.3 Atmospheric photolysis

There is a very little information on the possible inter-
action of free radicals with methyl butyrate and methyl
valerate. There is also no information in the literature
on the photolysis rate and thus the lifetimes of these es-
ters in the upper atmosphere. Therefore, the present ab-
solute cross sections can be used in combination with
solar actinic flux [34] measurements from the literature
to estimate the photolysis rate of both methyl esters in
the atmosphere from an altitude close to the ground, to
the stratopause at 50 km. Details of the calculation pro-
gramme were published previously [35] and the quantum
yield for dissociation following absorption in that pro-
gramme is assumed to be unity. The reciprocal of the
photolysis rate at a given altitude corresponds to the local
photolysis lifetime.

Photolysis lifetimes of less than 1 sunlit day were calcu-
lated at altitudes above 30 km for methyl butyrate, which
means that the molecules can be broken up quite effi-
ciently by VUV absorption above this altitude. Also at
ground level the lifetimes are shorter than one day. UV
photolysis is therefore expected to play a significant role
in the tropospheric and stratospheric removal of methyl
butyrate.

For both methyl butyrate and methyl valerate the strato-
spheric lifetime is long, abour 6 days at 30 km. The life-
times at 10 km are extremely long for these molecules,
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reaching thousends of years. Therefore, photolysis will not
be the main sink mechanism for the removal of the molecules
from the atmosphere. This is similar to previously an-
alyzed esters, ethyl and methyl formate, for which UV
photolysis was also not expected to play a significant role
but in contrast to isobutyl formate.

The only relevant investigations found for these esters
presented kinetic studies of hydroxyl radical reactions [36].
The lifetimes obtained there with typical tropospheric OH
concentrations of 10° molecules per cm? yielded 3.5 days
for methyl butyrate and 2.4 days for methyl valerate. That
would suggest that certainly the reaction with OH radi-
cal would be a prevalent sink mechanism for both methyl
butyrate and methyl valerate.

6 Conclusions

For the first time the complete electronic spectra of methyl
butyrate and methyl valerate are presented here together
with absolute photoabsorption cross sections from 4.5 to
10.8 €V. The structures that can be observed in the spec-
trum can be assigned to both valence and Rydberg transi-
tions, based on ab initio calculations of vertical excitation
energies and oscillator strengths of these molecules. Fine
structure, that was resolved both in the photoelectron and
photoabsorption spectra, has been assigned to vibrational
series involving predominantly excitations of c.a. 180 meV
mode, attributed to C=0 and C—O stretching. Other
vibrations resolved in the photoabsorption spectrum of
both molecules correspond to further stretches and defor-
mations that were also seen in the previously analyzed
molecules. The theoretical calculations presented here are
in good agreement with experimental data. The photoab-
sorption cross section was used to calculate the photolysis
lifetimes of methyl butyrate and methyl valerate for the
Earth’s troposphere and stratosphere. From this and com-
paring our results with those obtained from kinetic stud-
ies of reaction with hydroxyl radicals, we concluded that
photolysis is not a leading removal mechanism for meither
methyl butyrate nor methyl valerate.
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Table 4. Calculated electronic spectrum of methyl butyrate for (a,a) and (g+,a) symmetries, compared with experimental
values.

State E /eV fp Main character Mixed Exp. / eV
(a,a)

A7 5816  0.0005  22a’—LUMO 5.877

A’ 7452 0.0150  22a’—3s/0*(CH) 7.557

TA” 7987  0.0119  5a”—3s/o*(CH) 7.882

TA”  8.089 0.0001 22a’—3pm

A 8.146 0.0102 22a’—3po

A 8.222 0.0212 22a’—3po

1A 8.332 0.0626 5a” -=LUMO 8.683
tA” 8481 <0.0001 4a”—3s/c*(CH)

A 8.549 0.0068 22a’—3do

TA”  8.653 0.0118 5a” —3po

1A 8.741 0.0096 5a” —3pm

A 8.793 0.0065 22a’—3do

A7 8799 0.0016 HOMO-4—LUMO + HOMO—3dr

A7 8810  <0.0001 5a’—3po

'A”  8.828  0.0003 HOMO-4—LUMO + HOMO—3dr

A 8849  0.0114  2la’—3s/0*(CH) 9.124

A 8.886 0.0049 22a’—3do
A" 8964  0.0001 22a’—3dm
'A”  9.087  0.0012 527 —3do

A 9.091 0.0209 22a’—4so 9.05
A 9.105 0.0055 HOMO-4—3s/0*(CH) + HOMO—4pc

LA” 9.147 0.0192 4a” —3pm

1A 9.149 0.0737 HOMO-4—3s/c*(CH) + HOMO-2—4pr  9.311

A" 9.161 <0.0001 22a’—4pm
A 9.180  0.0116 22a’—4po

(g+.a)

A 5.808  0.0007  28a—LUMO 5.877
A 7.497  0.0118  28a—3s/c*(CH) 7.557
A 8.025  0.0141  27a—3s/0*(CH) 7.882

A 8.069 0.0031 28a—3p
A 8.132 0.0040 28a—3p
A 8.225 0.0229 28a—3p
A 8.312 0.0505 HOMO-1— LUMO + HOMO—3d 8.683
A 8.532 0.0372 28a—3d
A 8.636 0.0083 27a—3p

A 8.695 0.0033 HOMO-2—3s/0*(CH) + HOMO-1—3p
A 8.742 0.0031 HOMO-4 — LUMO + HOMO—3d

A 8.764 0.0095 HOMO-1— 3p + HOMO— 3d

A 8.775 0.0040 HOMO — 3d + HOMO-1— 3p

1A 8.800 0.0079 28a—3d

A 8.809  0.0107  25a—3s/0*(CH)

A 8.841 0.0216 HOMO-4—3s/c*(CH) + HOMO-1—3p  9.124
1A 8.809  0.0016  28a—3d

1A 8.902  0.0026  28a—3d

1A 8.948 0.0007  28a—4s

A 9.044  0.0034  28a—dp

A 9.110 0.0103 27a—3d

1A 9.133 0.0439 26a—3p 9.311
A 9.148 0.0040 28a—4p
A 9.171 0.0220 HOMO — 4p + HOMO-3— 3p

A 9.183 0.0078 28a—4p
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Table 5. Calculated electronic spectrum of methyl valerate for (a,a) and (g+,a) symmetries, compared with experimental
values.

State E /eV fp Main character Mixed Exp. / eV
(a,a)

LAY 5.817 0.0005 25a’—=LUMO 5.883

LA’ 7.449 00127 25a’—3s0/o*(CH) 7.478

TA” 7983 00111  7a”—3so/c*(CH) 7.852

TA”  8.063 <0.0001  252’—3pmw
A 8.127 0.0017 25a’—3po
A 8.207  0.0080  25a’—3po
TA” 8322  0.0002 6a” —3so/o*(CH)

A 8.327 0.0676 72" -LUMO 8.562
A 8.465 0.0392 78" —3po

A 8.608 0.0019 HOMO—3do + HOMO-3—3po

A" 8.631 0.0068 7a” —3po

A 8.714 0.0199 HOMO-1—3pr+ HOMO—3do 8.744
LAY 8.728 0.0012 HOMO—3dp + HOMO-3—LUMO

A 8.728 0.0045 HOMO—3ds +HOMO-1—3pp

A 8777  0.0045  5a”—3s0/o*(CH)

TA” 8784 0.0002 HOMO-3—LUMO +HOMO—3dr

LAY 8.797 0.0014 HOMO-1—3do+ HOMO-3—LUMO

A 8.842 0.0049 25a’—3do
'A” 8876  0.0044  5a”—3so/o*(CH)

A 8.926  0.0605 HOMO-2—3pm + HOMO-1—3pw 9.012
'A” 8939 0.0002  25a'—3drw

A7 8966  0.0570 HOMO-2—3po + HOMO-1—3do 9.107
A’ 9.019  0.0085 HOMO-3—3do+HOMO-4—3pa

'A” 0 9.074  0.0093  24a’—3pw

A 9.102  0.0078 HOMO—3do + HOMO-3—3po

(g+,2)

A 5812 0.0007  30a—LUMO 5.883
A 7.506  0.0120  30a—3sc/o*(CH) 7.574
tA 8.016  0.0122  29a—3sc/c*(CH) 7.962

A 8.05 0.0024 30a—3p
A 8.104 0.0020 30a—3p
A 8.188 0.0141 30a—3p

A 8.304  0.0643 HOMO-1— LUMO + HOMO —3d 8.562
A 8.399  0.0018  28a—3sc/o*(CH)

A 8.422 0.0231 HOMO-3—3s0/0*(CH)+ HOMO—3d

1A 8526  0.0231 HOMO—3d4+ HOMO-3—3s0/c*(CH)

A 8.648 0.0076 29a—3p
A 8.663 0.0066 29a—3p
TA 8.709 0.0040 30a—3d

A 8720 0.0180 HOMO-1-3p + HOMO-3—3s0 /o (CH) 8.744
A 8758  0.0038 HOMO-5— LUMO +HOMO-4—3s0/c*(CH)

A 8776 0.0069 HOMO-1-3p +HOMO-3—+3s0/c*(CH)

A 8814  0.0198 HOMO—3d+HOMO-2—LUMO

LA 8.846 0.0020 30a—3d
A 8.877 0.0015 30a—3d

A 8.883 0.0022 HOMO—3d+HOMO-1—3d+HOMO-3—3s0/c*(CH)

A 8.911 0.0106 HOMO-3—3p+HOMO-1—3d

LA 8.915 0.0123 HOMO-2—3p + HOMO—3d

A 8.947 0.0575 HOMO-3—3p + HOMO-1—3d 9.012

A 8.991 0.0110 28a—3p
A 9.032 0.0248 HOMO—4s +HOMO-3 —3p+HOMO-1—3d 9.107




