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Abstract

The electronic state and photoionization spectroscopy of a series of acetate ésters: methyl acetate, isopropyl acetate,
butyl acetate and pentyl acetate as well as two propionates: methyl propionate and ethyl propionate, have been
determined using vacuum-ultraviolet photoelectron spectroscopy.< These experimental investigations are comple-
mented by ab initio calculations. The measured first adiabatierand-vertical ionization energies were determined
as: 10.21 and 10.45 eV for methyl acetate, 9.99 and 10.22.eV for isopropyl acetate, 10.07 and 10.26 eV for butyl
acetate, 10.01 and 10.22 eV for pentyl acetate, 10.16 and 1036 €V for methyl propionate and 9.99 and 10.18 eV
for ethyl propionate. For the four smaller esters vibrational transitions were calculated and compared with those
identified in the photoelectron spectrum, revealing the most distinctive ones to be a C—O stretch combined with
a C=0 stretch. The ionization energies of methyl and ethyl esters as well as for a series of formates and acetates
were compared showing a clear dependence of the value of the ionization energy on the size of the molecule with
very little influence of its conformations

Keywords: Photoelectron spectroseopy, esters, ab initio calculations

1. Introduction

Esters are emitted to the’atmosphere both through anthropogenic and natural [1] sources. In industry they play
an importantrole, among others, as solvents [2] and in use of fragrances and flavourings, while recently they have
also become ‘a significant additive in biodiesel fuels [3]. Esters are also of astrochemical interest, since it has been
shown thatwsmall esters are present in the interstellar space [4].

In order to assess the role of such compounds in atmospheric and interstellar chemistry, it is necessary to
acquire an accurate kinetic chemistry data including their reactions in the gas phase as well as detailed information

on their electronic structure and properties, such as their ionization energies (IEs). TThe electronic state and
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photoionization spectroscopy of those esters that have a high vapour pressure can be obtained by the use of VUV
photoelectron energy analysis assisted by the state-of -the-art ab initio calculations.

In this paper we provided a detailed photoelectron spectroscopy (PES) analysis of the series of acetate and
propionate esters: methyl acetate, isopropyl acetate, butyl acetate, pentyl acetate, methyl propionate and ethyl
propionate. Electronic excitation of these compounds have been described with aid of quantum chemistry calcu-
lations. Combining our findings with data obtained for those esters that have been studied previously: methyl
formate [5], ethyl formate [6], isobutyl formate [7], isobutyl acetate [8], ethyl acetate [9], methylbutyrate and
methyl valerate [10] we can draw some conclusions on the influence of the increase in the alkyl@ndharyl group on

the ionization energy of ester molecules.

2. Experimental Section

2.1. Ester samples

The liquid samples used both in He(I) and synchrotron PES experiments were'purchased from Sigma-Aldrich,
all with a purity better than 99 %. The samples were degassed by repeated freeze-pump-thaw cycles with no

further purification of the samples.

2.2. Photoelectron spectra measurements

The He(I) (21.22 eV) photoelectron spectra of methyl\acetate, pentyl acetate, methyl propionate and ethyl
propionate (Figures 3 and 5) were measured at the Université de Liege, Belgium. The apparatus has also been
described in detail previously [11]. Briefly, it consists,of a’180° hemispherical electrostatic analyser with a mean
radius of 5 cm, the analyser is used in the constant pass’energy mode. The incident photons are produced by a d.c.
discharge in a two-stage differentially pumped helium lamp. The energy scale is calibrated using the X 22;7 V=0
and A%IL,, v/ = 0 peaks of N, rounded jto thiée decimal places [12, 13]. The resolution of the present spectrum
is 40 meV and the accuracy of thé energy scale is estimated to be £ 2 meV. The photoelectron spectra presented
here are the sum of at least 70«individual spectra. This procedure allows a good signal-to-noise ratio while keeping
the pressure in the spectrometet low (< 5 x 107% mbar).

The photoelectron‘spegtra jof isopropyl acetate and butyl acetate (Figure 3) were measured at the VLS-PGM
beamline[14] at the Canadian Light Source facility in Saskatoon, Canada, using a Double Toroidal Coincidence
Spectrometer ~described/previously [15]. Although designed and primarly used for analysis of Noble gases and
small, diatomic molecules it has been successfully applied to measurements of more complicated systems such as
pyrimidinesand its heavier derivatives [16] or other esters [7]. Briefly, a photoelectron-photoelectron coincidence
spectrometer has been developed in which two electrons, of specified energies, are detected over a wide range of
emission angles. The spectrometer is based on a toroidal geometry and has properties ideally suited for measuring
electron angle distributions since toroidal analysers can be made to energy select the photoelectrons while preserving
the initial angle of emission. The spectrometer consists of two toroidal analyzers, each focused on the interaction
region. One collects electrons over an azimuthal range of 180°, the other over 120°. The electrostatic analyzers
are independent, i.e. they are able to detect dissimilar electron energies albeit with different resolutions. Both

analyzers were set at a pass energy of 4 eV. In these experiments we have used the data collected by the 180°
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toroidal detector. The measured resolution from the nitrogen calibration spectra was 40 meV. The photoexcitation
energy of the photoelectron spectrum presented here was 80 eV, recorded with the entrance and exit slits of the
VLS-PGM beamline set at 50 micrometer. The recorded spectra were calibrated against the X 22;‘, v = 0 and
A1, V' = 0 peaks of NJ, rounded to three decimal places [12, 13].

2.3. Computational methods

The ground state geometry, harmonic vibrational frequencies, and normal coordinates of the neutral singlet state
(So) and ionic doublet state (Dg) of the different esters were obtained with the Gaussian 09 program, [17] by means
of second-order Mgller-Plesset (MP2) calculations [18] in association with the aug-cc-pVTZ basis set.” The ionic
state was described by open-shell unrestricted calculations. The first ionization energies (IE) were computed from
the energy difference between the neutral and ionic ground states. The vertical IE svas calculated at the ground
state geometry of the neutral compound and the adiabatic IE was evaluated using the optimized geometries of the
neutral and ionic ground states. Additionally, the first IE was calculated with the coupled-cluster singles and doubles
(CCSD), and the coupled-cluster singles, doubles and perturbative triples\(CESD(T)) methods [19, 20] using the
aug-cc-pVTZ basis set and employing the optimized geometries at the MP2/aug-cc-pVTZ level of approximation.
Furthermore, the zero point vibrational energy (ZPVE) correction, to the adiabatic IEs was determined from the
MP2/aug-cc-pVTZ harmonic vibrational frequencies. This cérreetion. was also applied to the values calculated
with the CCSD and CCSD(T) methods. Higher IEs werewebtainedywith the Partial Third Order (P3) and Outer
Valence Greens Function (OVGF) propagator methods([21] uSing the aug-cc-pVTZ basis set and the MP2/aug-cc-
pVTZ geometry. The Franck-Condon (FC) factors, associated with the first photoelectron band, were calculated
using recursive relations and include Duschinsky rotation effects [22, 23, 24, 25]. These calculations made use of
the ground state geometries, harmonic freqtiencies and normal coordinates calculated with the MP2/aug-cc-pVTZ

method for the neutral (Sy state) and ionic (BDg state) forms of the esters.

3. Results and Discussion

3.1. Structure and Propertiesiof Acetates and Propionates

The molecular striicture of acetate esters is presented in Figure 1 (1-4a). In all cases, in accord with previous
studies of formate([5, 6, 7] and acetate [9, 8] esters, the highest occupied molecular orbital (HOMO) in the neutral
ground states localized largely on the terminal oxygen in-plane lone pair (no1), as seen in Figure 1 (1-4b). For
methyl acetate the/ HOMO is (16a’)2, for isopropyl acetate — (20a’)?, for butyl acetate — (25a’)?, and for pentyl
acetate — (28a2)?.

Analogously, in the propionate esters, methyl and ethyl, Figure 2 (1a and 2a), the HOMO is also localised in the
neutral ground state on the terminal oxygen in-plane lone pair (np1, Figure 2(1b and 2b)). For methyl propionate
the HOMO is (19a’)2, whilst for ethyl propionate it is (22a’)2.

Theoretical calculations have determined the ground-state full electron configuration of core and valence orbitals

for all the investigated acetate and propionate esters and these are listed in Table 1.
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Figure 1: Structure (a) and HOMO orbitals (b) of 1: methyl acetate, 2: isopropyl acetate, 3: butyl acetate and 4: pentyl acetate.

5



Ester Core orbitals Valence orbitals
Methyl Acetate (1a%)2, (2a7)?, (3a’)?, (4a’)?, (5a’)? (6a7)2, (7a)?, (8a”)?, (92)2, (10a)2, (11a)?,
(1a7)2, (12a”)2, (2a”)2, (13a)?, (14a)?%,
(15a7)%, (3a”)?, (4a”)?, (16a")2
Isopropyl Acetate | (1a’)2, (2a’)2, (32))%, (4a’)?, (5a’)?, (1a”)2, | (7a))%, (8a”)?, (9a))%" (10a’)% (2a”)?
(6a’)? (112))2, (12a7)%, (18a’)%.(14a")?, (3a”)?,
(15a%)2, (4a”)%¢(162))%- (1727)2, (5a”)?,
(6a”)2, (18a3)2,%(7a™)?, (192))2, (8a”)?2,
(200°)?
Butyl Acetate (1a%)2, (2a))%, (32)%, (4a’)?, (5a’)?, (6a7)2, | (92))%, (10a")%, (11a”)?, (12a’)%, (13a’)?
(7a’)2, (8a")? (14a%2, (¥5a’)?, (162))%, (1a”)%, (17a’)?,
(182))%, (2a”)%, (19a’)%, (3a”)2, (20a")?,
(212))%, (4a7)?, (22a))%, (5a7)%, (23a)2,
(24a7)2, (6a7)2, (7a”)?2, (25a)2
Pentyl Acetate (1a7)2, (2a))%, (3a)%, (4a’)?, (5&")2, (6a’)%, | (10a”)?, (11a’)?, (12a’)%, (13a’)?, (14a’)?
(7a’)2, (8a7)2, (9a’)2 (15a7)2, (16a’)%, (17a’)%, (18a)?, (1a”)?,
(192))2, (20a7)2, (2a”)%, (3a”)2, (21a’)?,
(22a7)%, (4a”)?, (232))%, (24a")2, (5a”)?,
(25a7)2, (6a”)%, (26a’)%, (7a”)%, (27a")?,
(8a7)2, (282)2
Methyl Propionate | (1a’)2, (2a’)%; (3a’)?, (4a’)?, (5a’)?, (6a’)? (7a’)?, (8a))2, (9a)2, (10a’)2, (11a’)?,
(122))2, (1327)2, (1a”)?, (14a’)?, (2a")?,
(152°)2, (3a”)%, (16a")2, (17a)%, (18a’)2,
(4a7)2, (5a”)?, (19a’)2
Ethyl Propionate. | (1a7)2, (2a)%, (3a’)?, (4a’)?, (5a’)?, (6a))2, | (8a))%, (9a’)?, (10a’)%, (11a’)?, (12a’)?%
(7a’)? (13a7)2, (14a’)%, (15a’)%, (1a”)2, (16a’)?,
(2a7)2, (17a%)%, (3a”)2, (18a’)%, (19a")?,
(20a’)%, (4a7)2, (21a’)2, (5a”)?, (6a”)?2,
(22a7)2

Table 1: Ground-state electron configurations of acetate and propionate esters, showing the core and valence molecular orbitals.
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Figure 2: Structure (a) and HOMO orbitals (b) of 1: methyl propionate, 2: ethyl propionate.
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3.2. Photoelectron Spectra of Acetates

Figure 3 presents photoelectron spectra of methyl, isopropyl, butyl and pentyl acetate. In most cases the two
bands that originate from ionization from the HOMO and the HOMO-1 are separated from other higher lying,
overlapping bands. It was possible to derive values for most of the electronic states predicted by the computations,
the obtained values are presented in Tables 2 and 3 where they are compared with computed derived values.

Vertical and adiabatic ionization energies of methyl acetate were determined experimentally to be 10.45 and
10.21 eV, respectively. For the first state, 16a’~1, these values agree very well with computed ones at"the CCSD(T)
level, yielding 10.554 and 10.184 eV, respectively, as well as with the adiabatic values derived in previous experi-
mental studies 10.27 eV [26], 10.33 eV (with vertical value 10.48 V) [27] and 10.25 eV [28]. Ayvery good agreement
for the 4a” ~1 state has been obtained between the value obtained in this work, 11.183 eV, fomthe vertical transition
and the computed value of 11.510 eV (at P3 level), as well as a previously published'value of 11.16 eV [27]. In the
measured photoelectron spectrum it was also possible, with assistance of calculations, todetermine the energies of
transitions from higher MOs that have not been established previously. Thewalues derived from the experimental
spectrum are in a good agreement with the ones calculated at the OVGF level and are listed in Table 2. The
respective positions of consequent IEs are marked with black (vertical) and, red (adiabatic) bars in the measured
spectrum of methyl acetate in Figure 3.

The isopropyl acetate photoelectron spectrum has been measured at the synchrotron radiation source and
extends to 28 eV. The first vertical and adiabatic ionization,chexrgics from the 20a’~! state were found at 10.22 and
9.99 eV and are in a good agreement with the ones calculated at CCSD(T) level, yielding 10.132 and 9.781 eV,
respectively. They are also in a good agreement<with values measured previously for the adiabatic transition at
9.99 eV [26] and at 10.08 eV (with the vertical transition at 10.38 eV)[27]. For the transition from 8a” !, a
measured value of 10.78 eV agrees well with both the calculated at P3 (11.065 eV) and OVGF (11.087 eV) levels
and with the one reported previously,/10.77 eV),[27]. It was also possible to assign IEs from higher MOs, based on
the computations. The highest energiesivisible in the experimental spectrum were assigned purely based on the
order of higher MO and should.be treated some caution. All the calculated and measured values are listed in Table
2 and marked in Figure 3.

The vertical valuef the 252”1 transition measured for butyl acetate, 10.26 eV, is in reasonable agreement
with the one obtained fromyCalculations at P3 level, 10.575 eV. The adiabatic value for this transition was only
determined throughymeasurements and yielded 10.07 eV, being in a good agreement with the one from the literature,
10.01 eV [26].. The IEs from higher MOs were determined based on calculations, however as some values overlapped,
it was notypossible to make unambiguous assignments. All the values are collected in Table 3 and also marked in
Figure 3.

The ionization energy of pentyl acetate has not been determined previously. Here we have determined experi-
mental values for the first vertical and adiabatic ionization energies of 10.22 and 10.01 eV, respectively. As in case
of other large ester molecules, the computed values were higher than the ones obtained from measurements and
yielded at best 10.584 eV, when calculated at P3 level. The newly obtained values are summarized in Table 3 and
marked in Figure 3.

For the smaller esters, methyl and isopropyl acetate, it was also possible to calculate the vibronic structure of
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Figure 3: Photoelectron spectra of methyl acetate C3H;O,, isopropyl acetate C;H,,O,, butyl acetate C4H,,0, and pentyl acetate
C,H,,0, in the 9.7-17 eV region; methyl and pentyl acetate are He(I) spectra, whereas isopropyl and butyl acetate spectra were
measured on the synchrotron light source and extend to 28 eV (see insets). Red lines mark adiabatic transitions, black lines - vertical
transitions ("‘N2+ X235 ¥, v’ = 0 produced by the He(I)« line; *"‘NQ+ XQE;{, v’ = 1 produced by the He(I)a line; """”‘N2Jr A%TL,, v’ =0

produced by the He(I) « line; 4 2By H,O contamination).



Configuration Calculated Experimental / eV
P3 OVGF MP2 CCSD CCSD(T)

Methyl acetate

207 (16a'~Y) 10749 10.937  10.973/10.549 10.477/10.078 10.554/10.184 10.45/10.21

ZA” (42”71) 11510 11.593 - - - 11.18
2A” (3a”71)  13.344 13.392 - - - 13.12
ZA (152771 13214 13.336 - - - 12.83
A (14a71)  14.300  14.259 - - - 13.9%
2A7 (132’7Y)  14.940 15.016 - - - 14:76
2A” (2a771) 15301 1531 - - - 15:31
A (12a°71)  16.721  16.687 - - - 16.40

2A” (1Y) 16.791 16.769 - - - -

2A7 (11a7h) 17.161 17.119 - - < -
Isopropyl acetate

ZA (202’71 10.348 10.522 10.601/10.164 10.082/9.688. 10.132/9.781 10.22/9.99

2A” (8a”71)  11.065 11.087 - - - 10.78
A (1927 12171 12.222 - - - 11.70
ZA” (7a”71) 12564 12.605 - S - 12.03
ZA (18a71)  12.884 13.030 - . - 12.48
ZA” (6a”71)  13.309 13.425 - - - 13.09
ZA” (5a”~1l)  14.012 14.143 - - - 13.48
A (172771 14.398  14.4540 - - - 13.92
A (16a771) 14722 144831 - - - 14.59
ZA” (42”71)  14.861714.893 ) - - - 14.84
ZA (15271 15,310 15251 - - - 15.44
2A” (3a77Y)  16uB85  116.107 - - - 16.02
A (1427 h)[ 16.496  16.481 - - - 16.67
2A7 (13277 1) 167949 16.937 - - - 18.31
A (12a71) / 17.968 18.042 - - - 20.25
AN (T1alt) - - - - - 22.36
ZA” 2771 - - - - - 23.83
A (10271 - - - - - 25.06

Table 2: Calculated vertical/adiabatic ionization energies of methyl acetate and isopropyl acetate at the MP2/aug-cc-pVTZ geometry,
compared with experimental values, all in eV. Adiabatic ionization energies include ZPVE correction of -0.032 eV for methyl acetate

and -0.040 eV for isopropyl acetate.
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Configuration  Calculated Experimental / eV
P3 OVGF

Butyl acetate

ZA’ (2527Y) 10575 10.746  10.26/10.07
2A” (7a”7h) 11227 11341 10.73
ZA” (6a”71) 12,085 12242 11.52(%)
A (242771) 12,048 12.020  11.52(%)
AT (23271 12270 12349 12.12
2A” (5a”71)  12.802 12.910 13.01
A (22271 12943 13.019  13.49
ZA” (42771)  13.704 13.803 14.11
A (21271 14.144  14.145  14.71
A (20271)  14.446  14.527 1534
2A7 (3a”7Y) 15116 15.104  16.23(¥)
ZA (19271 14.934  15.025  16.23(%)
2A” (2a”71)  16.017  16.033  18.50
A (18a71)  16.332  16.288  19.58
2N (1727Y)  16.835  16.826.4m21:12
A (1a”7Y)  16.989 17,037 2293
2N (167 - - 24.09
A (1527 - 2 24.97
Pentyl acetate

ZA’ (28a771) _10.584 %710.728  10.22/10.01
ZA” (8a” 7). 11,207 11.324  10.72
A (272 W.625  11.622  11.21
AT /11,922 12,094 11.75
SAY(2627)  12.040 12.076  12.19
2A” (6a”71)  12.402 12540  12.62
2A’ (252771) 12,646 12,746 12.80
2A” (5a”71)  13.178 13.279  13.04
ZA’ (242’71)  13.420 13.506  13.24
A (23271 14.124  14.100  14.26
2A” (42”71)  14.231 14.340  14.80
A (2227Y) 14.635  14.692 -

ZA (212’71 14.851 14967 -

2A” (3a”71)  15.387 15385 16.15
A7 (22771 16175 16.213 -

A (20271 16.281  16.238 -

A (19071 16.823  16.817 -

ZA” (1a”71)  16.985 17.040 -

Table 3: Calculated vertical/adiabatic ionization energies of butyl acetate and pentyl acetate at the MP2/aug-cc-pVTZ geometry,

compared with experimental values, all in eV; (*) — ambiguous assignment.
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the first band of the photoelectron spectrum. In Figure 4, the low energy part of the photoelectron spectrum with
resolved HOMO and HOMO-1 states (solid lines) for acetate esters is presented and for methyl and isopropyl acetate
these data are compared with calculated spectra obtained using the Franck—-Condon (FC) factors (dashed lines).
Both the experimental and computed spectra revealed possible vibronic structure that for methyl and isopropyl
acetate was assigned based on the values of calculated vibrational transitions, whereas for butyl acetate and pentyl
acetate this was ascribed based on our results previously obtained for other ester molecules.

The vibrational transitions calculated for methyl acetate and isopropyl acetate are shown in Table 4, together
with corresponding FC factors. From this analysis it was possible to assign the main vibronic structure visible in
the 16a’~! state of methyl acetate to the vo; mode that designates combined C—O and C&O jstretches with an
experimentally determined spacing of c.a. 0.177 eV, also marked in Figure 4. The computed value for this mode
in the ground state of the neutral is 0.194 eV. This structure is then accompanied by combination bands involving
mainly the v5 mode that, according to our calculations, corresponds to OCC deformationicombined with CO stretch
and CH; rocking and can be labelled as the OCC out-of-plane bend [29] and is\derived from the spectrum to be
approximately 0.050 eV, which agrees well with computed value of 0.043 eVarAsimilar assignment shown in both
Table 4 and Figure 4, has been obtained for isopropyl acetate where,din the HOMO 20a’~! state, a combination of
v35 that corresponds also to combined C—O and C=O0 stretches iswobserved and experimentally derived value for
this mode is 0.179 eV, with v; 4+ vg from the OCC out-of-plane bend [29], being c.a. 0.062 eV. Computed values
of these modes yield 0.192 eV and 0.081 eV, respectively, and,are also in a good agreement with the experimental
findings.

For the larger butyl and pentyl acetates it wasyonly\possible to resolve the most prominent vibronic structure
seen in the experimental spectrum, presented in Figure 4. For butyl acetate it was denoted as v4=0.163 eV, whereas
for pentyl acetate it was denoted as vp=04170 eV and in both cases these are, based on previous analysis of other

esters, ascribed to combined C—0O and’C=0O stretches, based on previous analysis of other esters.

3.8. Photoelectron spectra of Propionates

Figure 5 presents photoélectron spectra of methyl and ethyl propionate. The two bands that originate from
ionization from HOMO,and HOMO-1 are separated from the remaining, overlapping bands of higher states. It was
possible to identify wvalues:for,most of the electronic states predicted by the computations, the values obtained are
presented in Tables 5 and marked in Figure 5 with red (adiabatic) and black (vertical) bars.

Experimental investigations revealed that the vertical and adiabatic ionization energies for the transition from
19a’~! state ofumethyl propionate yield 10.36 and 10.16 eV, respectively and these are in a good agreement with
the values caleulated at the CCSD(T) level (10.445 and 10.099 eV, respectively). The measured adiabatic value
agrees very well with the only one found in the literature, 10.15 eV [26]. The measured values of IEs from higher
MOs have been assigned based on the calculations performed at the OVGF level and are in a good agreement with
the computed ones.

Similarly the values for vertical and adiabatic transitions obtained for ionization from HOMO 22a’~! of ethyl
propionate, 10.18 and 9.99 eV, respectively, are in a good agreement with computational calculations at the CCSD

and CCSD(T) level and the previously reported adiabatic value of 10.00 eV [26].
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Figure 4: Photoelectron spectra of methyl acetate C3HgO,, isopropyl acetate C;H,;,O,, butyl acetate C4H;,0, and pentyl acetate
C,H,,0, in the 9.5-12 eV region with vibronic excitation assignment; dashed red line represents theoretical Franck-Condon vibrational

structure based on FC factors (black bars), calculated for the first photoelectron band of methyl and isopropyl acetate.



ACCEPTED MANUSCRIPT

Vibrational state  Frequency (cm~!) FC factor

Methyl acetate

0-0 - 0.0304

vs 348 0.0397

Vg 518 0.0091

2vs 695 0.0222

vs + Ug 866 0.0141

V21 1561 0.0321

V21 +vs 1908 0.0411 &(
V21 + Ve 2079 0.0099

vo1 + 2vs 2256 0.0225

Vo1 + U5 + s 2427 0.0150 ,\(
2v21 3122 0.0188

2v21 + s 3469 0.0236

2v21 + 6 3640 0.0059

2v91 + 2vs 4158 0.0005

2v21 +vs + vs 3988 0088
3v21 4683 0.0080
321 + vs 5030 i E 9

3v21 + ve 520 0.0026
3v21 + 2v5 378 0.0052
3vo1 +vs + g 0.0038
Isopropyl acetate
0-0 0.0150
vy 289 0.0125
vg 363 0.0156
vr + v, 652 0.0121
2v, 725 0.0072
5 1549 0.0162
5+ v 1838 0.0135
V35 ¥ vg 1911 0.0164
V35 +v7r +ug 2200 0.0127
v3s + 2ug 2274 0.0074
2v3s 3097 0.0097
2u35 + v7 3386 0.0080
2v35 + vg 3460 0.0095
2u35 +v7 +ug 3749 0.0074
2v3s5 + 2vg 3822 0.0042
3v3s 4645 0.0042
3vss +v7 4935 0.0035
3vzs + v 5008 0.0040
3v3s +v7 + g 5297 0.0031
3v3s + 218 5371 0.0017

Table 4: Main vibrational transitions and Franck-Condon (FC) factors contributing to the vibrational structure of the first photoelectron

band for methyl and isopropyl acetate (MP2/aug-cc-pVTZ).
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Figure 5: He(I) photoelectron spectra of methylypropionate C,HgO, and ethyl propionate C;H,,0, in the 9.5-16.75 eV region. Red
lines mark adiabatic transitions, black lines - vertical transitions (*Ng’ X22;;, v’ = 0 produced by the He(I)a line; >|"“N'Z" XQE_Z,", v =

1 produced by the He(I)« line; ***N; AZI1,, v’ = 0 produced by the He(I) « line).

It was also possible to- caléulate the vibronic structure of the first band of the photoelectron spectrum. In
Figure 6, a low energy part of/the photoelectron spectrum with resolved HOMO and HOMO-1 states (solid lines)
for propionate esters is presented and compared with the calculated spectrum obtained from the Franck—Condon
factors (dashed lines)wBoth the experimental and computed spectra revealed possible vibronic structure that has
been assigned based/on the values of calculated vibrational transitions, shown in Table 6, together with corresponding
FC factors.»Erom this analysis it was possible to assign the main vibronic structure, visible in the 19a’~! state
of methyl propionate to the vog mode that designates combined C—O and C=0O stretches with an experimentally
determined spacing of c.a. 0.194 eV. A similar assignment has been obtained for ethyl propionate where, in the
HOMO 22a’~! state, a combination of 135 was resolved that also corresponds to combined C—O and C=0O stretches
and the experimentally derived value for this mode yields 0.183 eV. Both values agree well with computed ones

that yield 0.191 eV for vog in methyl propionate and 0.190 eV for v35 in ethyl propionate.
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Figure 6: Photoelectron, spectra of methyl propionate C,HgO, and ethyl propionate C;H,,O, in the 9.5-11.7 eV region with vibronic

excitation assignment;/dashed red line represents theoretical Franck-Condon vibrational structure based on FC factors (black bars),

calculated for the first photoelectron band of methyl and ethyl propionate.
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Configuration Calculated Experimental / eV
P3 OVGF MP2 CCSD CCSD(T)

Methyl propionate
ZA (19271 10.658 10.817 10.883/10.472 10.368/9.992 10.445/10.099 10.36/10.16

ZA” (5a”~1)  11.410 11.503 - - - 11.09
ZA” (4a771) 12686 12.722 - - - 12.20
A (1871 12982 13.060 - - - 12.68
A (17271 13310 13174 - - - 13.25
ZA (16a71) 13510 13.643 - - - 13.71
2A” (3a”71)  13.804 13.895 - - - 14:22
A (152771)  15.123  15.084 - - - 14.95
ZA” (2a”71) 15737 15719 - - - -

A (42771 16497  16.469 - - \ 16.32

ZA” (1a”71)  16.821 16.804 - - - -

A (132771 17254 17.227 - - - -

ZAT (122771)  18.835 18.869 - - - -

Ethyl propionate

ZA’ (222771 10531 10.692  10.742/10.310, 410.228/9.833  10.301/9.936  10.18/9.99

ZA” (6a”71) 11227 11.334 - - - 10.84
ZA” (5a”71) 12546 12.603 - - . 11.92
N (2127 12674 12750 LC - - 12.19
ZA” (4a771)  13.097 13.200, - - - 12.77
A (20271 13.119  13.002 - - - -
2A7 (192771 13.2147703.277) - - - 13.37
AT (18a771) 144243 W14.346 - - - -
ZA” (3a771)  14u335 114.458 - - - 14.42
2A (172771 14.497  14.606 - - - -
ZA” (22771 w5991 15981 - - - 15.07
A (16271 / 16.229  16.213 - - - 15.83
AT (e ct)  16.924 16942 - - - -
ZAP (15271 17.073  17.053 - - - 16.53

A (14a'71)  18.852 18.895 - - - -

Table 5: Calculated vertical/adiabatic ionization energies of methyl and ethyl propionate at the MP2/aug-cc-pV'TZ geometry, compared
with experimental values, all in eV. Adiabatic ionization energies include ZPVE correction of -0.035 eV for methyl propionate and -

0.037 eV for ethyl propionate.
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ACCEPTED MANUSCRIPT

Vibrational state  Frequency (cm~!) FC factor

Methyl propionate

0-0 - 0.0264
V4 173 0.0150
vy 404 0.0255
vatuv7 577 0.0154
2v7 808 0.0113
V28 1541 0.0259
vog+r4 1714 0.0145 &(
vag+v7 1945 0.0243
vog+uv4+uy 2118 0.0144
vog+2v7 2350 0.0105 ,\(
2v08 3082 0.0140
2v28+14 3255 0.0077
2v28+v7 3487 0.0128
2uog+ra+rr 3660 0.0075
2v08+2v7 3891 -005
3vag 4624 0.00.
3oty 4797
3vog+ur 5028 .0049
3vog+va+u7 5201 0.0028
3vog+2v7 5432 0.0020
Ethyl propionate
0-0 — 0.0155
V3 2 0.0102
vy 4 0.0146
v3+vg 547 0.0100
2v, 841 0.0066
5 1529 0.0165
5+13 1656 0.0009
v35¥vg 1950 0.0157
v35+r3+ry 2076 0.0108
v35+219 2370 0.0071
2v35 3058 0.0097
2v35+13 3185 0.0064
2v35+19 3478 0.0093
2v35+1v3+v9 3605 0.0064
2v35+2v9 3899 0.0042
3v3s 4587 0.0042
3vgst+vs 4713 0.0028
3vzs+vy 5007 0.0040
3v3s+v3+rg 5134 0.0027
3v35+2r9 5428 0.0018

Table 6: Main vibrational transitions and Franck-Condon (FC) factors contributing to the vibrational structure of the first photoelectron

band for methyl and ethyl propionate (MP2/aug-cc-pVTZ).
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Figure 7: Comparison between the experimental values of vertical (black) and adiabatic (red) first photoionization energies of series of
(a) methyl and (b) ethyl esters, as well as (c) formates and (d) acetates; arrows mark the increase in the size of the aryl (a, b) and alkyl

(c, d) group; the error bars represent the FWHM of the calibration lines in the spectra of ~40 meV.

8.4. Vertical and adiabatic photoionization energies of series of esters.

Based on the collected spectra of series of esters it was possible to correlate the values of adiabatic and vertical
no photoionization energies of methyl and ethyl esters with an increase of the length of the aryl group, as well as
obtaining a similar eérrelation/in the formate and acetate esters with respect to the length of the alkyl group. The
results of these correlations are shown in Figure 7, presenting the relations for (a) methyl esters, (b) ethyl esters,
(c) formates @and (d) acetates. In this figure, the vertical transitions are marked in black and the adiabatic ones are
labelled _red. The.triangular symbols mark the energies obtained for the iso-conformers. It is interesting to note
that an identical mode description on the lowest-lying ionic state of propionic acid has been observed previously
[30].

In all cases the IEs decrease with an increase of the size of the molecule, nonetheless, the differences observed in
the decrease in the IEs values is much more distinctive when the aryl group is enlarged rather than the alkyl one.
Also, the case of ethyl formate and methyl acetate shows that for the increase in IE, the aryl group is responsible for.
This assumption is also supported by the results obtained for the iso-conformers of acetates, where the variation

in the value of IE is not significant within the assigned experimental uncertainty.
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4. Conclusions

This paper presents a detailed analysis of photoelectron spectra of methyl, isopropyl, butyl and pentyl acetate
as well as methyl and ethyl propionate esters, supported by ab initio calculations. For the first time the core and
valence shell structure has been resolved for all these compounds and the first vertical and adiabatic ionization
energies have been determined and compared to those available from the literature.

The vertical and adiabatic IEs were combined with those obtained previously for other ester molecules and cross-
examined against the size of the alkyl and aryl group size in the ester molecule. It was shown that the increase in
both the groups decreases the IE, although the influence of the aryl group is more prominent than of the alkyl one.

The iso-conformation has very little effect on the values if 1E.
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