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Advanced theoretical methodologies and photoelectron photoion coincidence spectroscopy were used
to investigate the photoionization of ethanolamine in the 8—-18 eV energy range. We identified the low-
lying cation conformers and the excited cation electronic states after vertical excitation from the most
stable neutral conformer computationally. The TPES is composed of broad, structureless bands because
of unfavorable Franck—-Condon factors for origin transitions upon ionization, populating the Dg-D-
cationic states from the most stable neutral conformer, g'Gg’. The adiabatic ionization energy of etha-
nolamine is calculated at 8.940 + 0.010 eV, and the O K appearance energies of aminomethylium,
NH,CH,* (+CH,OH), and methyleneammonium, NH3zCH,* (+H,CO), are determined experimentally to
be 9.708 + 0.010 eV and 9.73 + 0.03 eV, respectively. The former is used to re-evaluate the ethanol-
amine enthalpy of formation in the gas and liquid phases as A:HS3gk[NHo(CH,),OH, gl = —208.2 +
1.2 kJ mol™t and A{HRgxINH2(CH,),OH, 1] = —267.8 + 1.2 kJ mol™™. This represents a substantial correc-
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|. Introduction

Ethanolamine (NH,CH,CH,OH, 2-aminoethanol, or monoetha-
nolamine, Fig. 1) is the smallest stable organic compound
combining an amino and an alcohol functional group. It is a
pollutant in Earth’s atmosphere, present due to its wide use in
industry, such as in amine-based aqueous solutions in CO,
capture technology,"™ as a gas stream scrubbing agent for, e.g.,
CO, and H,S,” in the synthesis of emulsifies, detergents,
chemicals, and corrosion inhibitors,® and in the pharmaceu-
tical and cosmetics industries.” Several studies have addressed
its oxidative degradation and decomposition reactions initiated
by atmospheric radicals such as CI° or OH®.*'° Besides, a
number of theoretical and experimental studies were per-
formed to investigate its structure as well as vibrational and
rotational spectra in order to help its identification and
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tion of the previous experimental determination and is supported by ab initio calculations.

characterization in the gas phase and in solution.'** These
works showed that ethanolamine possesses several low-lying
conformers, as shown in Fig. 1. These conformers are named
following the nomenclature defined by Pople and co-workers.>®
Accordingly, the conformers are named using three letters
where the first one is for the NH, position, the central one is
for the rotation around the central CC bond and the third one is
for the OH group position. For the rotation angles around the
central CC bond, the conformers are labeled by G or G’ or T
when this angle is equal to 60° or —60° or 180°, respectively. For
the positions of the NH, and OH groups, the g, g’ and t letters
are used where the corresponding dihedral angles t¢cny, (where
L is the N lone pair) or 7¢cop are taken to be 60°, —60° and 180°,
respectively.

In particular, the intramolecular H-bond involving the
amino and the alcohol groups was investigated since it is
responsible for the stabilization of some conformers®*>* and
affects macroscopic properties of ethanolamine, such as state
change temperatures and thermodynamic functions.>*** Various
experimental and advanced ab initio methods were used, including
rare gas cold matrix isolation probed by IR, jet-cooled Fourier
transform IR vibrational spectroscopy coupled to synchrotron
radiation,”® intracavity laser photoacoustic spectroscopy,”® cavity
ringdown spectroscopy,”® microwave spectroscopy,'™** and expli-
citly correlated coupled cluster techniques.”® It turns out that,
upon molecular beam jet cooling, solely the most stable

This journal is © the Owner Societies 2024


https://orcid.org/0009-0000-4449-5955
https://orcid.org/0000-0003-2742-1051
https://orcid.org/0000-0002-4737-7978
http://crossmark.crossref.org/dialog/?doi=10.1039/d4cp03015j&domain=pdf&date_stamp=2024-09-14
https://doi.org/10.1039/d4cp03015j
https://doi.org/10.1039/d4cp03015j
https://rsc.li/pccp
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp03015j
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP026037

Open Access Article. Published on 03 September 2024. Downloaded on 11/9/2024 3:19:39 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
0.20
0.15 -
=
3
Sy ‘R
[=2]
2 0.10 5,_{*
qC) EG
»“ & tGt
Gg' gGt
¢ aTg 9Gg _=°
< <
0.05 ! i
32
0.00 —4—<79

g

View Article Online

PCCP

g'Gt ——

% gTt

tTt —

ks,
o b
te

tGg

Fig. 1 Most stable conformers of ethanolamine as computed at the CCSD(T)-F12/cc-pVDZ-F12(opt) + ACV + ASR + AZPVE level of theory. See Table S1

and Figure S1 and text for more details (ESIt).

conformer, g'Gg’ (Fig. 1),>' is present. This conformer exhibits an
intramolecular OH:--NH-bond explaining its stability. Previous
works also showed that the conformational isomerism is hindered
at low temperatures, preventing the conversion of g'Gg’ into the
less stable conformers. Such a large data set of spectroscopic
parameters, in particular in the microwave domain, allowed the
identification of g’Gg’ in the interstellar medium in 2021.>° This
discovery is of primary importance in astrophysics and astrochem-
istry since ethanolamine is the simplest phospholipid head group
and also a precursor of glycine,”” the simplest amino acid.
Compared with the neutral species, much less is known
about the ethanolamine cation. To the best of our knowledge,
data are limited to early determinations of the ionization
energy of ethanolamine using photoelectron spectroscopy®® 32
and (2D-)penning ionization,**** and to the appearance energy
of the formation of CH,;N' + CH,OH fragments upon uni-
molecular decomposition of the ethanolamine cation by electron
ionization.>**> These early experiments had limited accuracy,
and we can only estimate the adiabatic ionization energy (AIE) as
~8.9 eV. The appearance energy (AE) of the CH,N" fragment in
the dissociative photoionization of ethanolamine has been
reported as ~9.49 eV by Lossing and co-workers,***>
that will be shown to be far too low herein. The dissociative
ionization energy can be used to connect the well-known
enthalpy of formation of the CH,NH," fragment ion to the
ethanolamine neutral. However, for this ion thermochemical
cycle to be useful, all but one enthalpies of formation and the
dissociative ionization energy all have to be known accurately,
and the literature experimental values appear to suffer from large
discrepancies. The NIST Chemistry Webbook®® lists the con-
densed phase enthalpy of the formation of ethanolamine as
—507.5 k] mol !, as reported by Baroody and Carpenter.’’
Although Baroody and Carpenter explicitly forwent error bars
and intended to report propellant thermochemistry accurate
enough for the energetic evaluation of potential fuels, this value

a value

This journal is © the Owner Societies 2024

is in stark contrast with the group additivity enthalpy of
formation,®® A¢H$3g[NH,(CH,),OH, g] = —203.05 k] mol %,
which, when combined with the experimentally determined
AvapH? [NH,(CH,),0H] = 59.6 + 0.3 kJ mol ",* gives ArHS3sx
[NH,(CH,),0H, 1] = —262.65 kJ mol . While the uncertainty in
group additivity results is expected to be significant, the close
to 250 k] mol ™' difference between these two values is hard to
reconcile.

In recent years, several groups established rigorous procedures
for the determination of adiabatic ionization energies and of
appearance energies of gas phase small and medium sized
compounds.’®*! These techniques are based on synchrotron
vacuum ultraviolet single photon ionization followed by the
detection of close to zero kinetic energy photoelectrons in coin-
cidence with photoions. The resulting photoion mass-selected
slow and threshold photoelectron spectra can be compiled** and
interpreted using, e.g., Franck-Condon simulations in the double-
harmonic approximation** and beyond.**™*® Adiabatic ionization
energies (AIE) and dissociative photoionization onsets (appear-
ance energies, AE) can now also be accurately calculated using
advanced post-Hartree-Fock methodologies. Overall, AIEs and
AEs can be evaluated with an accuracy better than 0.003 eV
(0.3 k] mol ") both experimentally and theoretically in moderately
large systems in favorable cases."""""*® Regarding ionization
energies, vanishing Franck-Condon factors for the origin transi-
tion represent the main hurdle to their experimental determina-
tion. Computational results highlighted several cases in which the
adiabatic ionization energy was erroneously assumed to lie at the
ionization onset.*"° As far as appearance energies are concerned,
kinetic and competitive shifts call for a statistical model with
associated uncertainties.”® If the lowest-energy fragmentation
channel is fast on the instrumental time scale, all parent ions
that have sufficient energy to fragment will do so. Thus, the 0 K
threshold to dissociative photoionization is found where all
parent ions have sufficient energy to fragment, and the parent
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ion signal goes to zero in the breakdown diagram. For such
channels, the experimental resolution is only limited by the
instrumental and the photon energy resolution.’” Furthermore,
if the cation fragments along a purely attractive potential, ie.,
without a reverse barrier, the appearance energy is equal to the
dissociative ionization reaction energy and can be used in the ion
cycle to address the enthalpies of formation of the participating
species. In the present study, we combine photoelectron photoion
coincidence spectroscopy and ab initio computations at the
explicitly correlated levels to determine the AIE of ethanolamine
and the AE of CH,N". For these purposes, we map the ground
potential energy surface and explore the lowest-lying fragmenta-
tion channels of the ethanolamine cation to identify its most
stable forms and reveal the dissociative ionization mechanism.
Because of large-amplitude motions and the large geometry
change upon ionization, harmonic Franck-Condon simulations
do not describe the nuclear wave function overlap suitably. In the
absence of vibrational fine structure, the ionization onset in the
experimental threshold photoelectron spectrum only represents
an upper limit to the adiabatic ionization energy and is discussed
in the context of the neutral conformational space and the cation
isomers. Excited electronic cation states have been computed and
compared with the experimental spectrum. The ethanolamine
cation is weakly bound and starts to fragment already in the
energy range of the ground-state band of the threshold photo-
electron spectrum (TPES). It forms fragment ions at /2 30 and 31,
corresponding to CH,N" and CH;N", respectively. Based on the
breakdown diagram, an accurate appearance energy can be
determined for the former, which, when used in a thermochemi-
cal cycle, yields an updated and accurate enthalpy of the for-
mation of gaseous ethanolamine. With the help of the well-known
vaporization enthalpy,* this also allows us to update the enthalpy
of formation of liquid ethanolamine.

[l. Methods

a. Experimental

Photoelectron photoion coincidence experiments were carried
out at the VUV beamline of the Swiss Light Source.>*** The
headspace of a vial filled with degassed room-temperature
ethanolamine (99%, Chemie Brunschwig) was sampled
through a needle valve, so that the pressure in the ionization
chamber of the CRF-PEPICO endstation®® was ca. 1.5 x
10~ ° mbar. Synchrotron radiation was generated using a bend-
ing magnet, collimated, dispersed by a 600 lines per mm
laminar grating, and focused into a differentially pumped rare
gas filter to suppress higher harmonic radiation of the grating.
The 10 cm long absorption chamber of the gas filter was filled
with 8.5 mbar of a mixture of Ar:Kr:Ne or pure Ne to provide
purely monochromatic radiation in the 7-14 eV or 11-21 eV
photon energy range, respectively. The photon energy was
scanned between 8.7 and 19.6 eV. The step size ranged from
5 meV in the energy region of the disappearance of the parent
ion in the breakdown diagram (see below) through 15 meV for
the TPES scans below 14 eV and 100-150 meV for the overview
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TPES scans. The integration time ranged from 50 to 180 s per
point. The light entered the ionization chamber, where it inter-
acted with the sample in the 2 x 2 mm? ionization volume.
Photoelectrons and -ions were extracted by a constant 240 V ecm ™
extraction field and velocity map imaged®® on two delay-line
Roentdek detectors. The cations were detected in space-focusing
conditions,”” as well, so that the time-of-flight mass spectrum
could be plotted by evaluating delayed coincidences between
electron and ion detection events.”® As electrons are detected
according to their lateral momentum, threshold (virtually zero
kinetic energy) electrons arrive in the detector center together with
kinetic energy electrons with negligible off-axis momentum. The
latter leads to the hot-electron contamination of the threshold
signal. The hot-electron background is well represented by a ring
area around the center spot, and can, thus, be subtracted to
obtain the threshold electron signal and threshold ionization
mass spectra.””

The threshold electron signal was renormalized using a
previously recorded flux curve to obtain the TPES. The parent
ethanolamine cation at m/z 61 disappears from the threshold
ionization mass spectrum in the 9.20-9.80 eV photon energy
range, while the m/z 30 and, to a lesser degree, m/z 31 peaks
grow in intensity. These correspond to a loss of a neutral
fragment at 31 and 30 Da, respectively. The breakdown diagram
is plotted in this energy range as the fractional ion abundances
of these three peaks as a function of photon energy.

Thanks to the low extraction field and long acceleration
region, metastable fragmentations on the experimental time
scale can be identified based on asymmetric peak shapes,®
which are a measure of the unimolecular rate constant.
In ethanolamine, all peaks were observed to be symmetric,
which means that the fragmentation is not affected by a kinetic
shift and all the cations with energetically allowed fragmenta-
tion channels will dissociate promptly while still in the ioniza-
tion volume.

b. Computations

We performed the following computations: (i) geometry opti-
mizations in the C; point group with all coordinates relaxed,
followed by Hessian calculations to confirm that all harmonic
vibrational frequencies were real and thereby attest that the
stationary point is a minimum on the ground-state potential
energy surface. These computations were carried out using the
explicitly correlated coupled clusters singles and doubles with
perturbative treatment of triples ((R)CCSD(T)-F12b*'~®%) method
as implemented in MOLPRO 2015,°* using the cc-pVDZ-F12
basis set.®® (ii) For better accuracy, we carried out single point
(SP) computations to evaluate the scalar relativistic (ASR) and
the core-valence (ACV) corrections. These computations were
carried out at the (R)CCSD(T)-F12/cc-pVDZ-F12 equilibrium geo-
metry, and involved the evaluation of the energy difference
between (R)CCSD(T)/cc-pVTZ-DK®*®® and (R)CCSD(T)/cc-pVTZ
total energies to obtain ASR and of the energy difference
between the (R)CCSD(T)/cc-pwCVTZ® total energies while treat-
ing or omitting the core electron correlation to obtain ACV. We
computed the zero-point vibrational energy correction (AZPVE)

This journal is © the Owner Societies 2024
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at the PBEO/aug-cc-pVDZ level as implemented in GAUSSIAN
16,”° using the anharmonic frequencies obtained after VPT2
treatment. (iii) We treated the electronic excited states using the
internally contracted multireference configuration interaction
(MRCI)"*"7® computation or its explicitly correlated version
(MRCI-F12)"*7® on top of a state-averaged complete active space
self-consistent field (SA-CASSCF) technique.””’® In the CASSCF
calculation, three active spaces were used. Active Space I, Active
Space II, and Active Space III were constructed by including
molecular orbitals (MOs) ranging from HOMO—4 to LUMO+3,
from HOMO—6 to LUMO+4 and from HOMO—8 to LUMO+3 in
the active space, respectively. The lower-lying occupied and
higher-lying virtual orbitals were inactive. In these computa-
tions, we considered all valence electrons. Afterwards, we con-
structed the MRCI or MRCI-F12 active spaces by selecting all
configurations having a coefficient larger than 0.01 in the CI
expansion as a reference. This led to more than 5 x 10°
configuration state functions (CSFs) when computing the doub-
let states of the ethanolamine cation to be considered. We
requested 6 or 10 doublet cationic states, which were averaged
together in CASSCF and MRCIL

For the investigation of the unimolecular decomposition of
ethanolamine upon ionisation, the ground-state cation potential
energy surface was explored at the B3LYP/6-311++G(d,p) level of
theory using Gaussian 16.”° Rotational constants and harmonic
vibrational frequencies were obtained at the stationary points
and used as input parameters for the statistical model of the
breakdown diagram. Afterwards, composite method calculations
using W1,”® CBS-APNO,*° and G4*' theories and the (R)CCSD(T)-
F12 based composite scheme (vide supra) were used to obtain
isodesmic reaction energies and derive a computed ethanola-
mine enthalpy of formation, as well as to refine the energetics of
the fragmenting ethanolamine cation.

[1l. Results and discussion

To complement previous theoretical works that treated the low-
lying conformers of ethanolamine, we performed a search for
the minimum structures on the ground potential energy sur-
face of this molecular species at the higher, CCSD(T)-F12/cc-
pVDZ-F12, level of theory. Fig. 1 shows these structures and
their relative energies with respect to g'Gg’. These computa-
tions confirm the nature and the energy ordering of these
conformers as determined in ref. 14-18 and 21-23. In the
0-0.2 eV energy range, thirteen neutral species are found. In
particular, g'Gg’ is confirmed to be the most stable form at the
presently used advanced theoretical level. Assuming equili-
brium conditions at room temperature, the most stable g'Gg’
conformer dominates the neutral population at 55% abun-
dance (Table S3, ESIt), although the population of the gGt,
gGg’, and gTg conformers is also non-negligible at 6%, 17%,
and 8%, respectively. As will be shown below, ionization to the
cation minima always involves large conformational changes,
and the transition moments for the different conformers are
unlikely to vary by more than a trivial amount. In light of this, it
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is expected that the g'Gg’ conformer will dominate the spec-
trum, which may be perturbed by contributions from the less
abundant conformers, notably gGg’.

a. Structures and relative energies of the most stable forms of
ethanolamine cation

Using these neutral ethanolamine conformers as starting struc-
tures, we mapped the ground-state doublet potential of the
ethanolamine cation and searched for its conformers at the
RCCSD(T)-F12/cc-pVDZ-F12 level. Only four cation minima
were found in the 0-0.2 eV range with respect to the most
stable one. They are named EtA1’, EtA2*, EtA3*, and EtA4".
EtA2", EtA3" and EtA4" are located close in energy and more
than 0.1 eV above EtA1". They are depicted in Fig. 2 and their
structural parameters are given in Table S5 (ESIT).

The most stable form, EtA1*, has an intramolecular H-bond
involving the (N-)H of the amine group and a lone pair of the
hydroxyl O. This contrasts with g'Gg’, which exhibits an
O-H---N H-bond. As can be seen in Table 1, we observe slight
changes in the bond lengths upon ejecting an electron from
g'Gg’ to form EtA1". In contrast, the bond and dihedral angles
are strongly affected and large deviations of up to 5-6° for
bonds and several tens of degrees for dihedral angles can be
seen for internal coordinates involving atoms establishing this
intramolecular H-bond. Indeed, this constitutes a major struc-
tural change associated with ejecting a valence electron from
2'Gg’ to form EtA1". Besides, the NH, group is tetrahedral in
neutral ethanolamine and it is planar in all cation minima.
Accordingly, unfavorable Franck-Condon factors (FCFs) are
expected upon single photon ionization of g’'Gg’ populating

EtA2"
(E.=0.122 V)

EtA1"
(E.=0.000 eV)

- »
h

J

EtA3" EtA4"
(E.=0.126 eV) (E.=0.102 eV)

Fig. 2 RCCSD(T)-F12/cc-pVDZ-F12 optimized structures of the ethano-
lamine cation ground electronic state. Conformer energies (E,, eV) with
respect to EtA1* are given in parentheses at the RCCSD(T)-F12/cc-pVDZ-
F12 + ACV + ASR + AZPVE level. See Table S9 for more details (ESIT).

Phys. Chem. Chem. Phys., 2024, 26, 24656-24666 | 24659


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp03015j

Open Access Article. Published on 03 September 2024. Downloaded on 11/9/2024 3:19:39 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

View Article Online

Paper

Table 1 Geometrical parameters of g’Gg’ and of EtAl*. Distances are in A and angles in degrees. In bold, we give the values having large deviations
between both species. See Figure S2 (ESI) for the numbering of the atoms

Parameters ¢'Gg’ EtA1" Parameters 2'Gg’ EtA1l" Parameters g'Gg’ EtA1l"
Distances In-plane angles Dihedral angles
c1C2 1.516 1.531 C1C203 110.8 104.1 03C2C1N4 55.0 38.6
C1N4 1.458 1.424 N4C1C2 108.3 109.2 H503C2C1 —39.3 173.2
C203 1.405 1.414 H503C2 105.0 110.8 H6C2C1N4 174.4 159.1
O3H5 0.964 0.961 H6C2C1 110.4 108.9 H7C2C1N4 —67.3 —-81.1
C2H6 1.095 1.090 H7C2C1 109.5 109.8 H8C1C203 —-179.7 163.9
C2H7 1.104 1.093 H8C1C2 109.8 115.4 H9C1C203 —61.9 -75.0
C1H8 1.101 1.090 HoC1C2 108.7 109.0 H11N4C1C2 —163.2 —26.7
C1H9 1.096 1.109 H10N4C1 110.9 122.9 H10N4C1C2 77.5 158.7
N4H10 1.013 1.017 H11N4C1 111.6 116.9
N4H11 1.011 1.024 H8C1N4 107.9 110.5

HOC1N4 114.2 104.5

H6C203 107.8 112.8

H7C203 110.7 111.8

the ground electronic state of EtA1". Computations also suggest
unfavorable FCFs for the g’'Gg’ — EtA2" +e~,g'Gg’ — EtA2" +e™,
2/Gg’ — EtA2" + ¢~ and g'Gg’ — EtA2" + e ionization transitions.

b. TPES of ethanolamine and the pattern of the electronic
states of the ethanolamine cation

Table 2 lists the vertical ionization energies (VIEs) for the g'Gg’
+ hv — ¢'Gg’" + e~ ionization transitions to the electronic

ground and excited states. These energies were computed at the
MRClI/aug-cc-pVXZ and at the MRCI-F12/aug-cc-pVXZ (X =D, T)
levels, where 6 or 10 electronic states were requested at CASSCF
and MRCI/MRCI-F12 levels. In fact, these benchmarks were
used to check the effects of the atomic basis set, the number of
averaged electronic states, and the consideration of explicit
correlation on the ionization energies. Explicit correlation is
assumed to provide data using smaller basis set, which are as

Table 2 Vertical ionization energies (in eV) and dominant electronic configurations of the Dy—Dg electronic states of the ethanolamine cation (EtA1*) as
computed at the g'Gg’ ground state equilibrium geometry, the energy of which is used as a reference. First, second and third entries are for CASSCF
calculations with Active Space |, Il and Ill, respectively. Within a computational method, we requested either 6 (second column under the method entry)

or 10 (first column under the method entry) states (see text)

MRCI/ MRCI/ MRCI-F12/  MRCI-F12/

States Electronic configuration Active space aug-cc-pVDZ  aug-cc-pVIZ  aug-cc-pVDZ  aug-cc-pVTZ
Dy 13a”14a®15a” 16a%17a" (0.88) I 10.30 10.26 10.24 10.21 10.55 10.45 10.28

1I 10.45

111 10.12¢ 10.12°
Dy 13a”14a®15a> 16a"17a” (0.88) I 10.82 10.75 10.76 10.67 11.07 10.93 10.76

1I 10.91

11 10.62 10.62
D, 13a”14a®15a" 16a”17a” (0.68) and 13a'14a%15a> 16a°17a> (0.66) I 12.80 12.37 12.71 12.27 13.07 12.55 12.34

11 12.41

111 12.20 12.20
D; 13a®14a'15a* 16a%17a” (0.94) I 14.32 13.89 14.26 13.81 14.56 14.05 13.87

11 13.91

111 13.71 13.70
D, 13a®14a®15a" 16a%17a” (0.69) and 13a'14a%15a> 16a®17a> (0.69). I 16.50 14.65 16.43 14.55 16.80 14.83 14.62

1l 14.63

111 14.48 14.49
Ds 13a?14a%15a” 16a%18a" (0.68) and 13a%14a%15a> 17a%18a" (0.61) I 17.39 17.59 17.40 17.62 17.67 17.84 17.74

1l 16.66

11 15.87 15.86
Ds 13a%14a*15a® 16a'17a"18a" (0.89) I 17.80 17.82 18.08

1l

111 16.60 16.61
D, 13a”14a”15a” 16a'17a"19a’ (0.85) I 18.68 18.70 18.96

1I

11 17.18 17.19
Ds 132”142”152 16a'17a"19a’ (0.92) I 19.07 19.09 19.36

1I

111 18.00 18.04
Do 13a’14a*15a" 16a®17a"18a’ (0.91) I 19.88 19.87 20.19

1I

11 18.62 18.66

? VIE for g'Gg’ — g'Gg’* + e~ computed at the (R)CCSD(T)/aug-cc-pVTZ level.
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accurate as those obtained without explicit correlation but with
a much larger basis set. As discussed in ref. 74, the MRCI-F12/
aug-cc-pVDZ level has indeed a similar accuracy as standard
MRCI with the aug-cc-pVQZ basis set, but the computational
costs (both CPU time and disk occupancy) are strongly reduced.

These benchmarks show that the basis set has almost no
effect on the pattern of the electronic states of EtA1". Also,
MRCI and MRCI-F12 computations lead to very close results for
a given active space and basis set. Calculating 6 or 10 electronic
states does not change the energies of VIEs, which shows that
the initial guesses for these states are consistent. In contrast,
Table 2 shows that the choice of active space is crucial. In fact,
the energies of D,-D, are almost independent of the active
space, the largest nevertheless showing the best agreement
with the features of the experimental spectrum (vide infra).
However, the VIEs of the Ds-Dy electronic states strongly
depend on the active space: Active Space I and Active Space II
lead to a gap in the 15.0-17.5 eV energy range, which is
inconsistent with experiments and not the case when using
the larger Active Space III. In this case, the Ds-Dy states shift
down in energy and populate this energy range. In sum, solely
Active Space III allows us to correctly describe the full set of
doublet cationic electronic states located in the 8-18 eV energy
range. Therefore, the inclusion of the 9a and 10a inner valence
MOs is crucial for the description of these states. Fig. 3 shows
that these MOs are located on the H,NCC moiety. As suggested
earlier by Maruyama and Ohno,** these doublet cationic states
are obtained after an ejection of an electron from these MOs.

Fig. 4 shows the TPES spectrum of ethanolamine in the
8-18 eV energy range. As predicted by the large geometry relaxa-
tion upon ionization and the resulting poor Franck-Condon
factors for transitions to any of the cation minimum conformers,
the origin transition cannot be identified, and the spectrum
exhibits a slowly rising onset above 9 eV photon energy. Therefore,
neither the photoelectron spectrum nor other direct ionization
techniques, such as electron or Penning ionization, are suitable to
determine the adiabatic ionization energy of ethanolamine incon-
trovertibly. Previously published experimental values were based
on the ionization onset, which only represents an upper limit to
the ionization energy in the absence of hot bands.
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It is interesting to compare the general intensity trends in
the TPES with the previously published ultraviolet photoelec-
tron spectra (UPS), based on Hel radiation at 21.2 eV. In the
spectral compendium of Kimura et al.,*® the peak intensities
are comparable between 9 and 15 eV and start rising thereafter
in the 15-18 eV range. Ohno et al.®* reported slightly rising
intensities in a mostly flat spectrum as far as the peak maxima
are concerned with a close pronounced Franck-Condon gap
below 12 eV, where the signal returned to the baseline.?” In the
UPS by Maruyama and Ohno,* the 10.5 eV peak is the most
intense, and the spectrum trends downward thereafter with the
peaks in the 15-18 eV range approx. half as intense as this
maximum. In our data, there is a marked intensity maximum in
the 12-15 eV range, and both the lower and the higher lying
peaks exhibit ca. half the signal observed in this range. A drift
in the beamline flux since recording the flux curve may have led
to normalization errors and to the dropping signal above 16.5-
17 eV, as the 600 lines per mm grating is rarely used in this
energy range. The increased intensity of the D,-D, bands with
respect to the Hel photoelectron spectra is probably due to
enhanced threshold ionization cross sections to these states.

The peak positions agree with the literature data up to a
photon energy of 14 eV. Above this energy, the step size was
increased to 100 meV, and the signal-to-noise ratio of the
spectrum becomes inferior compared with the literature data,
which typically indicate two bands, centered at 16 and slightly
below 18 eV together with shoulders on the former. The
calculations predict the vertical ionization energy of Dy-D,
quite well, and the computed D; and D, levels are blue-
shifted by ca. 0.5 eV with respect to the experiment. This is
also likely true for Ds-D5, which populates the 16-18 eV range
with Dg calculated at 19.07 eV. According to previous assign-
ments, these four states likely all show up in the 15.5-18.0 eV
photon energy range.*>*

c. Adiabatic ionization energy of ethanolamine

The adiabatic ionization energy (AIE) of ethanolamine corre-
sponds to the transition from the most stable g'Gg’ conformer
to the cationic minimum, ie., to the g'Gg’ — EtA1" + e~
transition, with both species in their electronic ground state.

[ VIS SR I

Ta 8a 9a
13a 14a 15a

10a 11a 12a
16a 17a

Fig. 3 HOMO-10 (7a) to HOMO (17a) molecular orbitals of ethanolamine at the CASSCF/aug-cc-pVTZ level.
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Fig. 4 Ethanolamine TPES. Combs correspond to the vertical ionization energies as computed at the MRCI-F12/aug-cc-pVTZ level with Active Space llI

(cf. Table 2).

The AIE has been computed using the accurate (R)CCSD(T)-
F12/cc-pVDZ-F12 (+ACV + ASR + AZPVE) composite scheme, as
described in ref. 41. Briefly, the equilibrium geometries of both
molecular species are first optimized at the (R)CCSD(T)-F12/cc-
pVDZ-F12 level. Then, we evaluate the core-valence (ACV), the
scalar relativistic (ASR) and the anharmonic (AZPVE) correc-
tions as described in the previous section. The resulting
(R)CCSD(T)-F12/cc-pVDZ-F12 (+ACV + ASR + AZPVE) AIE is
8.940 eV (Table 3). This value lies quite close to the ionization
onset, which was relied on in previous experimental determina-
tions. In the absence of a well-resolved origin transition and
because of the convoluted Franck-Condon envelope resulting
from multiple conformers ionizing into multiple cation confor-
mer minima with multiple anharmonic large-amplitude motions
being active upon ionization, the good agreement of the ioniza-
tion onset with the ionization energy is serendipitous.

d. Dissociative ionization

The breakdown diagram in the 9.20-9.80 eV photon energy
range is shown in Fig. 5. The symmetric fragment ion peak
shapes imply fast dissociation. This means that the disappear-
ance of the parent ion from the breakdown diagram corre-
sponds to the photon energy, at which even the originally zero

Table 3 Adiabatic ionization energy (AIE in eV) of ethanolamine

Method AIE
(R)CCSD(T)-F12/cc-pVDZ-F12 (+ ACV + ASR + AZPVE)* 8.940

G4 8.87
W1U 8.90
CBS-APNO 8.83
Exp.? 8.88-8.90
Exp.‘ 8.96

@ This work. Cf Tables S9 and S10 for more details (ESI). ° Penning
ionization. Ref. 32.  Photoelectron spectroscopy. Ref. 28.

24662 | Phys. Chem. Chem. Phys., 2024, 26, 24656-24666

internal energy species gain enough energy to dissociate, i.e.,
the 0 K appearance energy of the lowest-energy fragment ion.
The dominant m/z 30 signal tells us that this fragment ion is
likely the stable NH,CH," species, isoelectronic with ethylene,
and produced together with the hydroxymethyl (CH,OH) neu-
tral fragment by simple C-C bond breaking. According to the
Active Thermochemical Tables,?*® the alternative 31 amu loss,
the methoxy radical (CH;0) can be ruled out because it is 39.3
kJ mol " (0.41 eV) less stable, and its formation would involve a
tight H-transfer transition state, too. Because of the high
ionization energy of formaldehyde (10.88 eV), the m/z 30 signal
is exclusively NH,CH," in the energy range of its appearance in
the mass spectrum. The derived 9.708 £ 0.010 eV AE is
distinctly larger than the earlier determinations of 9.49 £ 0.05
eV.>"?% Nevertheless, this AE is in excellent agreement with the
G4-computed barrier to dissociative ionization, 9.71 eV (Fig. 6)
and the AE computed at the (R)CCSD(T)-F12/cc-pVDZ-F12
(+ACV + ASR + AZPVE) level of 9.724 eV. Note that the AE for
the CH,NH," + CH;0, evaluated at the accurate (R)CCSD(T)-
F12/cc-pVDZ-F12 (+ACV + ASR + AZPVE) level, is 10.029 eV,
predicting a slightly lower energy gap of 0.305 eV between CH;0
and CH,OH than the 0.41 eV by ATcT.

According to our calculations, the m/z 31 peak is best
explained by formaldehyde loss, which is readily possible after
an intramolecular H-transfer between the hydroxyl and the
amine groups over a submerged transition state of 9.66 eV
(G4 value). In the statistical model, we assumed this transition
state to be the bottleneck in the fragmentation process and
relaxed the transitional frequencies of both channels to fit the
relative rates and, thus, the branching ratio observed in the
breakdown diagram. This fit resulted in an AE of 9.73 &+ 0.03 eV
for the CH,0-loss channel, slightly below the computed 9.76 eV
and 9.754 eV values at the G4 and (R)CCSD(T)-F12/cc-pVDZ-F12
(+ ACV + ASR+ AZPVE) levels, respectively. However, the

This journal is © the Owner Societies 2024
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Fig. 5 Ethanolamine breakdown diagram in the 9.20-9.80 eV photon energy range. Squares indicate experimental data, to which the statistical model
(continuous lines) was fitted. The obtained O K appearance energies for hydroxymethyl radical (CH,OH) and formaldehyde loss are also shown.
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Fig. 6 Computed potential energy surface for the lowest-energy dissociative ionization processes of ethanolamine. The energies are listed at the
(R)ICCSD(T)-F12/cc-pVDZ-F12 + ACV + ASR + AZPVE and at the G4 levels (in parentheses), relative to neutral ethanolamine.

submerged but tight transition state and the loose but more
energetic CH,O-loss step thereafter mean that the phase space
bottleneck along the dissociation coordinate is likely energy-
dependent, and the extrapolation yields a phenomenological
barrier between the H-transfer transition state and the disso-
ciative photoionization energies.

e. Thermochemistry

In the absence of the reverse barrier, the AE for the hydro-
xymethyl radical loss corresponds to the 0 K reaction enthalpy
(i.e., 0 K reaction energy), AHS, of the following reaction:

This journal is © the Owner Societies 2024

NH,(CH,),OH — NH,CH," + CH,OH

1)

AHS = A¢HR(CH,OH) + A¢HG(CH,NH, ")
— AHGi[NH,(CH,),0H]
We can thus use the AE = (9.708 + 0.010) eV = (936.7 +
1.0) kJ mol " for hydroxymethyl radical loss in a thermochemical
cycle to determine the enthalpy of formation of ethanolamine, as

the enthalpy of formation of hydroxymethyl [A¢HS%(CH,OH) =
—10.36 & 0.28 kJ mol '] and of the aminomethylene cation

Phys. Chem. Chem. Phys., 2024, 26, 24656-24666 | 24663


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp03015j

Open Access Article. Published on 03 September 2024. Downloaded on 11/9/2024 3:19:39 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

[A:H§(CH,NH,") = 763.6 + 0.5 k] mol '] are known from the
Active Thermochemical Tables.*>*! Note that the latter value is
in nigh on perfect agreement with the PEPICO-determined
763.9 = 1 kJ mol '.*° Thus, the 0 K ethanolamine enthalpy
of formation is readily obtained as A¢HSX[NH,(CH,),0H] =
—183.5 + 1.2 k] mol . Gaseous enthalpies of formation at 0 K
and 298 K are connected by the elemental and product thermal
enthalpies, for ethanolamine:

A¢H$35x[NH,(CH,),0H] = AcHR[NH,(CH,),0H]
+ (H26981< — HOGK)[NHZ(CHZ)ZOH]
— (Hs3sx — HQEN, + 3.5H, + 2C +10,]

(2)

The G4-calculated thermal enthalpy of ethanolamine is
(HSsx — HS%)[NH,(CH,),OH] = 15.7 k] mol ™, while the stan-
dard elemental thermal enthalpies are 1.05, 8.67, 8.47, and 8.68
kJ mol " for C, N, H,, and O,, respectively.®® Consequently, the
standard enthalpy of formation of gaseous ethanolamine is
obtained at room temperature as A¢H$3g[NH,(CH,),0H, g] =
—208.2 + 1.2 k] mol . This value agrees surprisingly well with
the group additivity result of —203.05 kJ mol™". It can also be
converted to A;H§3gx[NH,(CH,),0H, 1] = —267.8 + 1.2 k] mol "
using the 59.6 k] mol ' vaporization enthalpy of ethanol-
amine.*® This value, however, stands in marked contrast with
the —507.5 kJ mol " result of Baroody and Carpenter.’” This
discrepancy is such that we decided to carry out isodesmic
reaction energy calculations for reaction (3) to confirm the
experimental results. The enthalpies of formation for ethanol,
ethylamine, and ethane are taken from the Active Thermochemi-
cal Tables [Ang( =—-217.31 + 0.20, —28.06 + 0.45, and —68.38 +
0.12 k] mol™* for C,HsOH, C,HsNH,, and C,Hg, respectively).
Based on the G4, CBS-APNO, and W1 computed reaction energies
of —8.46, —9.48, and —8.04 kJ mol ', respectively, the ethanol-
amine enthalpy of formation can be estimated computationally as
AsHE[NH,(CH,),OH] = —185.7 + 2.0 k] mol '. The corres-
ponding reaction energy at the (R)CCSD(T)-F12/cc-pVDZ-F12
(+ACV + ASR + AZPVE) level is —13.49 k] mol ", implying A:HSx
[NH,(CH,),0H] = —190.5 k] mol~" and further confirming the
experimental result.

C,H;OH + C,H;NH, — NH,(CH,),0OH + C,Hs  (3)

V. Conclusions

We used post-Hartree-Fock methodologies to investigate the
conformers of neutral and cationic ethanolamine. The low-
lying neutral conformers were confirmed, and the cation iso-
mers newly identified. Computations reveal large geometrical
change upon ethanolamine ionization, resulting is unfavorable
Franck-Condon factors for the origin transitions between any
isomers in the ethanolamine — ethanolamine® + e~ process.
The recorded TPES spectrum confirms these findings. Indeed,
the spectrum is composed of broad bands corresponding, in
the 8-18 eV photon energy range, populating the Dy-D cationic
states from the most stable g'Gg’ neutral conformer. We
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calculate the adiabatic ionization energy of ethanolamine at
8.940 £ 0.010 eV accordingly. The two lowest-energy dissociative
photoionization processes of ethanolamine have been identified
as hydroxymethyl radical and formaldehyde losses. The appear-
ance energy of the former could firmly be established by modeling
the breakdown diagram as AE = 9.708 + 0.010 eV. Together with
the literature enthalpies of formation of the fragmentation pro-
ducts, this yields A¢HSX[NH,(CH,),0H, g] = —183.5 4 1.2 k] mol *
and AsHRe[NH,(CH,),0H, g] = —208.2 + 1.2 kJ mol . Com-
bined with the literature enthalpy of vaporization, the enthalpy
of formation in the liquid phase is obtained as AeH Sk
[NH,(CH,),OH, 1] = —267.8 & 1.2 k] mol . These values super-
sede and correct the group additivity estimate of AeH Sk
[NH,(CH,),0H, g] = —203.05 k] mol " and the previously reported
calorimetric result of A¢H§3g[NH,(CH,),0H, 1] = —507.5 k] mol ™%,
respectively.
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