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The radiation damage of biomolecules, in particular with aliphatic compound, has been ex-
tensively studied. Morpholine is a typical six-membered aliphatic heterocyclic compound.
In the present work, photoionization and dissociation of the morpholine monomer and
subsequent fragmentations have been investigated by synchrotron vacuum ultraviolet pho-
toionization mass spectrometry and theoretical calculations. The vertical ionization en-
ergy of morpholine monomer is 8.37£0.05 eV, which agrees reasonably well with a theo-
retical value 8.41 eV of morpholine. Experimentally observed fragmentation of morpholine
(m/z=8T amu) gives rise to m/z=86 amu, m/z=>57 amu, and m/z=29 amu. Based on ex-
perimental and theoretical results, it is found that the m/2z=86 amu is produced by losing
H atom, the m/z=57 amu is formed by the elimination of CH,O with a ring-opening pro-
cess, the m/z=29 amu is generated by further dissociation of the fragment m/z=>57 amu
(C3H7N)* by the elimination of CoHy. This finding would provide valuable insight into
the photo-damage of aliphatic compounds, which may be related to living cells and other

biological system.
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l. INTRODUCTION

The interactions of high energy radiation, ions and
radical with biomolecules, in particular with the DNA
fragment, pyrimidine base and aliphatic molecules, have
been extensively studied to uncover effects of photoion-
ization and dissociative photoionization in radiation
damage of living cells and other biological system. The
sun emits visible light and infrared radiation, which are
not considered harmful to humans [1]. Exposure to sun
with living under an ultraviolet-rich condition causes
unwanted photo-damage [2]. An increasing number of
people are exposed to artificial source of ultraviolet radi-
ation used in industries, commercial settings and leisure
activities. In recent decades, the problem of the mech-
anism of the radiation damage is still unsolved [3—9].

Morpholine is a typical six-membered aliphatic het-
erocycle with the molecular formula HN(CHyCHs)2O.
Morpholine and its derivatives are used in the synthe-
sis of numerous pesticides, chemicals and drugs. It has
been known as a chemical precursor or catalyst in many
organic syntheses due to the nucleophilic nitrogen lone
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pair [10]. Substituted morpholines display anesthetic
properties, and the morpholine derivative, amorolfine,
is found to be used as an antifungal drug [10]. Fur-
thermore, the morpholine ring structure is an impor-
tant heterocycle present in many compounds of biologi-
cal and pharmaceutical relevance [11]. However, to our
knowledge, no studies related to the dissociative pho-
toionization channel of morpholine have been reported.

The more stable structures of morpholine are known
to exist as a chair form with the N—H bond arranged
in an axial (Ax) and equatorial (Eq) conformation in
ground state [12—17]. As we know nitrogen and oxy-
gen form polar bond in morpholine and with lone pairs
electron, it is a typical model to understand C—N and
C—0 bond breaking process in the symmetrical hetero-
cyclic molecule. Particularly, the dissociative photoion-
ization for the ring molecules is different from the chain
molecule. The presence of a heteroatom in morpholine
shifts the electron density of the chemical bond more to-
wards the heteroatom, which leads to a polarized bond,
effectively weakening the adjacent bonds.

It is known that the VUV single photon ionization
of a neutral species would generate an electron and
the excess internal energy remains in the cations (rovi-
brational states), which leads to further fragmentation.
Continuously tunable VUV light is available at syn-
chrotron, which enables the internal energy to be tuned
and the fragments at different photon energies are ob-
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served [18]. The internal energy is connected with the
ionization process and the VUV light energy and it de-
termines its fragmentation energy and time scale. There
is no doubt that a tunable laser of VUV soft ionization
should be controlled by a large degree of photon en-
ergy to probe the different reaction coordinate regions
[19]. It is very powerful to combine tunable synchrotron
VUV radiation with the molecular beam and the pulsed
field ionization detection techniques to study the pho-
toionization and dissociative photoionization processes
of molecules [20—24].

In the present work, we studied photoionization ef-
ficiency (PIE) curves of some additional ion resulting
from the dissociative photoionization of morpholine in
the photon energy region of 8—15 eV. From these PIEs
and photoionization mass spectra, we can derive the
energetics and mechanisms during the dissociation pro-
cess. By combining with high level ab initio calculation,
the various dissociation channels of morpholine are es-
tablished.

Il. METHODS

A. Experimental methods

The experimental apparatus has been described pre-
viously [25—27].  Photoionization mass spectrome-
try (PIMS) measurements have been performed on
the Atomic and Molecular Physics Beamline (U14A)
with the supersonic expansion molecular beam/a reflec-
tion time-of-flight mass spectrometer (RTOFMS) sys-
tem at the National Synchrotron Radiation Labora-
tory (NSRL) in Hefei, China. The synchrotron ra-
diation from an undulator-based U14A beamline of
800 MeV electron storage ring is dispersed with 6 m
length monochromator, which is equipped with three
gratings (370, 740, and 1250 grooves/mm, Horiba Jobin
Yvon). Three gratings cover the photon energy from
7.5 eV to 22.5 eV for 370 grooves/mm, 15 eV to 45 eV
for 740 grooves/mm, and 36 eV to 124 eV for 1250
grooves/mm, respectively. In this experiment, photon
energies are within the limits of 7.5—22.5 eV with a
resolution power of 3000 at 15.90 eV and a photon flux
with 8x10'2 photons/sec. The synchrotron light was
directed to pass through an argon rare-gas filter to elim-
inate higher order harmonics produced by the undula-
tor. The sample molecules in the beam were photoion-
ized by the monochromatic synchrotron radiation and
the produced ions are detected by a time-of-flight mass
spectrometer.

Liquid morpholine (>98% pure) (CAS #110-91-8)
was purchased from Aladdin-Reagent company (Shang-
hai, China) and used without further purification. Both
the bubbling procedure and the carrier gas were neces-
sary because of the low vapor pressure of the sample. In
the process of experiments, the pressures of the source
chamber and the ionization chamber were respectively
kept in the range between 2.5x1072 and 2.5x10~* Pa.
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The species were expanded to form a molecular beam
through a 70 um diameter nozzle and a 2 mm diameter
skimmer. The monochromatic VUV radiation is per-
pendicular to the supersonic molecular beam for ion-
ization. Mass-analysis of the produced ions was per-
formed using a RTOF-MS which is mounted perpendic-
ular to the plane direction determined by the molec-
ular and VUV photon beams; a pair of microchannel
plates (MCPs) work in pulse count mode (the repulsion
voltage of the TOFMS is a pulsing voltage) were used
to collect and detect ions. Signals were transferred to
a computer for further processing after pre-amplifying
(VT120C, EG&G, ORTEC). The PIE curves of the pho-
ton ions were acquired by scanning the monochromator
with an energy increment about 50 MeV, and the time
of data acquisition for each energy point was 20 s. In
order to normalize the ion signals, we used silicon pho-
todiode (SXUV-100, International Radiation Detectors,
Inc) to monitor the intensity of photons simultaneously.

B. Computational details

The Gromacs 5.0, MOPAC 2012, GAUSSIAN 09 and
ORCA 3.0.3 program packages were used as the theo-
retical calculations to determine the most stable config-
uration of morpholine [28—31]. The Gaussian 09 and
Gaussian 03 software suites were used for all the fol-
lowing calculations of the dimer and its fragments. The
energy of these systems can be determined better by
the use of the Mgller-Plesset perturbation theory [32].
Therefore, geometry optimizations of the parent clus-
ter, intermediate (INT) ions, and fragments ions were
performed by M06-2X theoretical functional based on
the 6-3114++G(d,p) basis set and with the second or-
der Mgller-Plesset perturbation (MP2) theoretical func-
tional by use of the 6-3114+G(2d,2p) basis set for reliable
energies. The relative energies and the detailed infor-
mation on the reaction pathways and geometry opti-
mizations of neutral and ionic were also calculated by
the MP2 theory at the 6-311++G(d,p) basics set. The
appearance energy (AE) of the ionic fragment is con-
formed to AE=F,,.x—Fy, where the F,.x is the high-
est energy barrier of the corresponding ionic fragment in
the formation pathway and the Ej refers to the absolute
energy of neutral [33, 34]. Zero-point energy (ZPE) cor-
rections were also evaluated from the theoretical calcu-
lations. The local minimum geometry of the transition
state (T'S) was optimized at the M06-2X level with the
6-311+G(d,p) basis set to obtain the relative energies
more precisely on the reaction paths. All relative ener-
gies were zero-point energy (ZPE)-corrected. The cal-
culated interaction energies were corrected for basis set
superposition errors (BSSEs) using the scheme of Boys
and Bernardi counterpoise correction, as described in
the Gaussian program.

The corrected Kohn-Sham-density functional theory
(KS-DFT) calculations, which can reliably predict the
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FIG. 1 Photoionization mass spectra of morpholine at VUV
photon energies of (a) 10.49 eV and (b) 13.01 eV.

corresponding ionization potentials, were carried out to
calculate the energies of the highest occupied orbitals
[35—37]. The natural bond orbitals (NBO) calculated
at the MP2/6-3114++G(d,p) level, at the same calcula-
tion level, Laplacian bond order (LBO) were worked out
using Multiwfn software. LBO has a direct correlation
with the bond polarity, the bond dissociation energy
and the bond vibrational frequency. Moreover, LBO
is particularly suitable for organic system. The natu-
ral bond orbitals (NBO) are calculated at the MP2/6-
311++G(d,p) level. In this paper, we report the three
highest occupied molecular orbital (HOMO) eigenval-
ues of the neutral dimers using seven DFT functionals.

11l. EXPERIMENTAL RESULTS
A. Photoionization mass spectroscopy

FIG. 1 shows the photoionization mass spectra of
morpholine and its fragmentation at 10.49 and 13.01 eV
in a supersonic expansion, respectively. To avoid the
influence of the fragmentation from the larger clusters,
the morpholine ions are detected under the supersonic
expansion with a low concentration, of which only the
monomer morpholine ions can be seen. Through the
VUV one-photon ionization, seven main mass spectral
peaks have been seen. The peak at m/z=87 amu is at-
tributed to the parent ion of the morpholine monomer
C4HgNOT. There are six main mass channels in the
mass spectra: C4HgNOT (m/2=86 amu), C3H;NT
(m/z=57 amu), C3HgNT (m/z=56 amu), CH4NT
(m/2z=30 amu), CH3NT (m/2=29 amu), and CHNT
(m/z=28 amu). Compared with the mass spectrum
of the morpholine under VUV radiation at 10.49 eV,
there are some new peaks appearing at m/z=>56 amu,
m/z=30 amu, m/z=29 amu and, m/z=28 amu with
the incident photon energy of 13.01 eV.

In general, the photoionization process process
follows the Franck-Condon principle. Fragment
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m/z=86 amu (C4HgNO)" could originate from the
monomer according to the following reaction,

C4HgNO + hvyyy — (C4H9NO+)vip + e
— C4HgNOt +H+e™ (1)

where the “vip” represents the vertical ionized point.
The excess energy here can be converted into kinetic
energy of the ejected electron. The reaction path-
way (1) reveals that the hydrogen loss occurs as the
Franck-Condon cation evolves to the adiabatic state af-
ter the vertical ionization. The ionic fragments with
m/z=57 amu are the C,—Cpg bond dissociation and
ring opening product, i.e., C3H7N™T, which is generated
via the reaction below,

C4HgNO + hvyyy — (C4H9NO+)V1p +e
— 03H7N+ 4+ CH,0" + e~ (2)

where the (C4HoNOT)y, are the Franck-Condon
cations with excess energy [39]. The new fragment
m/z=29 amu (CH3NT) is generated by further disso-
ciation of the fragment m/z=57 amu (C3H;NT). The
C—N bond of C3H;N is broken and the reaction can
be represented as

CgH7NJr — CHgNJr + C2H4* (3)

B. Photoionization efficiency curve

The photoionization efficiency (PIE) curves for the
monomer and main fragmentations were recorded by
integrating the area of each mass spectral peak at dif-
ferent photon energies. FIG. 2 shows the PIE spectra of
the morpholine monomer ion C4HoNO™ (m/2=87 amu)
and the main fragment ions C;HgNO™ (m/2=86 amu),
C3H7N*' (m/2=57 amu), CH3N" (m/2=29 amu) and
CH4N™ (m/2z=30 amu). The PIE spectra of C3HgN™
(m/z=56 amu) and CHoN* (m/z=28 amu) are dis-
played in the FIG. S2 (supplementary materials). In
the present study, most AEs in PIE curves have been
extrapolated by intersection of a linear section with the
x-axis and some (e.g. 8.37, 9.50, and 9.80 eV) were rea-
sonably taken as the first values out of the baseline [38,
39]. Furthermore, the experimental uncertainties in the
low-energy region are 0.05 eV, and 0.1 eV in a higher
photon energy range (4—13 eV), respectively. Note that
there are differences between the calculated and exper-
imental results, which could be caused by the effects of
thermal energy, kinetic shifts, fragment excitation, etc.,
as thoroughly described by Baer and co-workers over
the past few decades [40—43].

FIG. 2 shows the PIE curves of the parent ion
C4H9gNO™ (m/2=87 amu) and the fragment ions
C4HgNO™T (m/2z=86 amu), C3H;NT (m/z=57 amu),
CH3N* (m/z=29 amu) and CH4;N* (m/2=30 amu),
respectively. In the PIE curve of C4HgNO™, the onset
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FIG. 2 PIE spectra of the morpholine monomer and fragments at mass channels (a) m/z=87 amu, (b) m/z=86 amu, (c)
m/z=57 amu, (d) m/z=29 amu, (e) m/z=30 amu. Each mass channel corresponds to different fragments.

of ionization of C4H9NO™ is 8.3740.05 eV. The ap-
pearance energy (AE) of the fragment ions of the mor-
pholine monomer are determined by the onset in each
PIE curve, for example the AEs of C;HgNO™, C3H;NT,
CH3N* and CH4N™ are determined as 9.5020.05 eV,
9.78+0.05 eV, 12.204+0.05 eV and 11.7840.05 eV, re-
spectively. All the AE values are listed in Table I. Note
that the PIE curve for m/z=87 amu becomes less in-
tense at 9.50£0.05 eV, which is the same value as the
adiabatic ionization energy (AIE) of its daughter ions at
m/z=86 amu. The coincidence suggests that one new
fragmentation path opens and consumes the parent ions
at the same time. In each PIE curves of FIG. 2, one or
two inflection points can also be observed, for instance,
9.87 and 10.77 eV in FIG. 2(b) and 9.78 and 10.85 eV
in FIG. 2(c). The integral intensity of a mass chan-
nel becomes less intense or flat (negative contribution),
and meanwhile at the same inflection point (same pho-
ton energy), the signal intensity increases sharply for
another fragment cation. These would indicate the clo-
sure of some reaction pathways, which could generate
the fragment at this mass channel or another new com-
petitive fragmentation path opening for its parent ions.
However, low photoionization cross-sections can also be
responsible for the flattening of the curve. Similarly, the
opening of new reaction pathways related to a fragment
will make a positive contribution to its mass channel,
where the signal becomes stronger. Therefore, a de-
tailed analysis of reaction paths is required to explain
those inflections points in each PIE curve.

In this work, all the AE of each PIE curve can be
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TABLE I Experiment AEs compared with the calculation
value at MP2/6-311++G (2d,2p) levels.

Species (m/z)/(amu) IEs/eV

MP2 Expt.
C4HoNO™ 87 8.41 8.37+0.05
C4HgNO™ 86 9.51 9.5040.05
C3H,NT 57 9.60 9.78+0.05
CH3N™T 29 12.25 12.2040.05
CH4N™ 30 11.80 11.78+0.05

determined by using a linear least-squares fit in the
threshold region. The thermal effect is ignored in our
data processing because of the supersonic nozzle expan-
sion condition. This kind of method for data analysis
has been successfully carried out in the study on disso-
ciative photoionization processes previously [23, 24, 38,
39].

IV. DISCUSSION
A. Structures of the neutral and ionic morpholine

Previous reports have revealed that there are four
possible conformational landscapes of the morpholine.
Both the skew-boat and the chair conformations are
found to be stable, and four conformations distinguish
from the N—H bond lying either axial or equatorial rel-
ative to the boat and chair ring (Eq-chair, Ax-chair,
Ax-boat and Eqg-boat) [12, 43]. The structures of mor-
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pholine were optimized at the wB97X-D/cc-pVTZ lev-
els of theory. The relative energies were calculated at
MP2/aug-cc-pVT7Z level. The theoretical calculation
confirmed that Eq-chair is the lowest energy conformer,
and it is regarded as the benchmark in FIG. S1 (sup-
plementary materials). The most stable conformer is
the chair structure (estimated ca. 97%) in the molec-
ular beam with consideration of low experimental tem-
perature [45] (~10 K) caused by the supersonic nozzle
expansion.

The chair conformer is much more symmetric and
stable (by ca. 0.26 eV) than the skew-boat conformer,
which indicates the chair conformer could be favor-
able in the gas phase. However, the energy difference
between two chair conformers (axial and equatorial)
is only 0.05 eV and the axial conformer is more sta-
ble since the existence of N—H equatorial bond can
weaken the interaction of hydrogen atoms in Eq-chair
conformer, this implies that these two chair conformers
are concomitant in gas phase.

FIG. 3 shows the fully optimized geometries of the
most stable morpholine monomer in neutral, ionic
states and its intermediate (INT), transition state (TS)
and stable fragments at the wB97X-D/cc-pVTZ levels
of theory. These computational methods have been suc-
cessfully applied to carry out potential energy surface
calculations [49—52]. In order to achieve the higher ac-
curacy, the whole of relative energies (the stable struc-
tures, TS and INT found in the path search) were re-
calculated at the MP2/6-311++4G(2d,2p) levels and fur-
ther used to analyze the experimental results. The IE
of the most stable conformer of morpholine is calcu-
lated to be 8.41 eV and agrees reasonably well with
our measured appearance energy of 8.37 eV shown in
the PIE curve for the parent cation in FIG. 2(a). The
discrepancy of 0.04 eV between theoretical and exper-
imental results is likely to be the unfavorable Franck-
Condon factors. This implies that, on removal of an
electron from the nitrogen lone pair, the morpholine
cations would be the single-electron structure.

B. Highest occupied molecular orbitals (HOMO)

According to the results of the molecular orbital
(MO) analysis of the neutral morpholine at MP2/6-
311++G(2d,2p) (Pop=NBO) level, the three highest
occupied molecular orbitals (HOMO) can be assigned
[46—48]. The HOMO is located on nitrogen atom of the
ring; HOMO-—1 is located on ether oxygen of the ring;
HOMO-2 is populated on the carbon atom next to the
nitrogen atom of the ring. As shown in FIG. 4, the
electron densities of HOMO are contributed from the
mixture of the non-bonding p orbital of N atom and
the p orbital of the neighboring C atom while the N
atom’s non-bonding p orbital is dominant. The HOMO
of morpholine in its ground state is predominantly the
nonbonding nitrogen lone pair orbital n, which implies
that the electron will be mainly removed from the N
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FIG. 3 The geometries of the neutral and ionic monomer,
INT, TS and fragment at wB97X-D/cc-pVTZ.

atom when the morpholine molecule is vertically ion-
ized. There is a multiple hyperconjugation between the
Nip+, C—N orbital and C—C orbital. When the elec-
tron is ejected from the N atom, the electron of C—C
orbital can transfer toward N atom resulting from the
multiple hyperconjugation. Thus, removing the elec-
tron from these orbital results in weakening the C—C
bond in the ring. Neutral morpholine and their adi-
abatic state ions are fully optimized at wB97X-D/cc-
pVTZ levels of theory. For the ionic conformer, the
C—C distance is 1.60 A, longer than that of neutral
(1.52 A). Tt indicates that the C—C bond is weaker after
being ionized. The Laplacian bond order (LBO) with
Multiwfn software was calculated at the same level to
estimate the bond strengths. Table S1 (supplementary
materials) shows that LBO of C;—C3/C3—C,4 dimin-
ished from 1.177 A to 0.919 A when Franck-Condon
ions relax to the adiabatic state ions. These theoret-
ical calculation results indicated that the C—C bond
would be broken at first. Therefore, the morpholine
monomer can be vertically ionized when the VUV pho-
ton energy is high enough to eject the electron of the
HOMO or HOMO-—1 of the morpholine monomer, re-
spectively. When the energy exceeds the barrier of tran-
sition state, the C—N bond of the fragment m/z=57
amu breaks, and the fragment further dissociates into
m/z=29 amu. Above all, the energy diagram is shown
in FIG. 4.

C. Mechanisms of photoionization and dissociation of the
neutral morpholine monomer

For the fragmentation of the dissociation of morpho-
line, the possible formation pathways are depicted in
FIG. 4 and FIG. S3 (supplementary materials). Gener-
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ally, there are two types of mechanisms for dissociative
photoionization: the bond was broken directly or via
transition states and intermediate states.

These dissociation channels for morpholine are stud-
ied in the photon energy of 13.01 eV, the m/z=57 amu
is generated by losing CH2O neutral, while the
m/z=29 amu is generated from m/z=57 amu by the
elimination of CoHy. The generation of the fragment
at m/z=30 amu is a parallel reaction channel with
that of the fragment at m/2=29 amu from the one at
m/z=>57 amu, a proton transfer from the C,—H group
to the nitrogen-atoms while the C,—N bond cleav-
age. For the m/z=86 amu, there are three possibili-
ties: breaking of the two different C—H bonds or the
cleavage of N—H bond. This is a direct dissociation
channel. In the case of possible dissociation channel
C4H9NO—>C4H8NO++H*, the AIE of C4HgNOT was
obtained by,

AIE(C4HgNO™) = E(C4HgNO™) + E(H*) —
E(C4HgNO) (4)

Theoretical results reveal that the value of AIE was
9.51 eV, which is in good agreement with the exper-
imental value 9.50 eV (FIG. 2). Theoretical calcula-
tions confirmed that the H is fissured from C,—Hg,
which needed to surmount an energy barrier. To es-
timate the bond strength, we calculated the Laplacian
bond order (LBO) with Multiwfn software at MP2/6-
311++G(2d,2p) level. Table S1 shows that LBOs of
C4—Hg/C1—Hj1 are smaller than those of other C—H
bonds. The electron is removed from the N atom when
the molecule is ionized. The ionized N atom would seize
the electron from the contiguous carbon atom, this will
weaken the C—H and C—C bond strengths. While the
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former results in the H-losing process, the latter will
induce a new channel to be opened. The bond energies
of the individual hydrogen atom loss channel are calcu-
lated and shown in FIG. S4 (supplementary materials).
The result also shows that the H is fission from C4—Hy.

In the latter fragmentation process, the cleavage of
C—C bond occurred firstly in accordance with our ex-
pectations in FIG. 4 based on the analysis of the MO
shape. Since the C—C bond was significantly weakened
in the cation (as evidenced by LBO), it was likely to
open the cyclic structure. All structures of fragment,
TS1, TS2, TS3, INT and their relative energy are the-
oretical predicted. FIG. 4 shows that the energy di-
agram of the reaction path of morpholine under the
VUV one-photon ionization. Structure AE can turn
into INT through the transition state TS1. Structure
TS1 could come from AE by means of the C3—C, bond
cleavage. In this process, the cleavage of bond is re-
quired and higher energy barriers are predicted to exist.
Corresponding TS1 and INT with an energy barrier of
1.42 eV in morpholine cation can be calculated as fol-
lows,

AE = E(TS1) — E(C4HgNO™T) = 1.42 eV (5)

After the C3—Cy bond cleavage, the Co—0O bond is
elongated to 1.411 A, but the C;—Cs bond is shortened
to 1.523 A in TS1. Thereafter, the fragment C3H;NT
(m/z=57 amu) could be generated by the dissocia-
tion of INT. The C2—O bond via an INT to C3H,N*
(m/z=57 amu), and the AE for C3H;N* (m/z=57
amu) can be calculated as follows,

AE(C3H;N') = E(TS1) — Ey = 9.83 eV (6)

The result is in excellent agreement with the experi-
mental value, which is measured as 9.78+0.05 eV in the
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PIE cure of C3H7NT (see FIG. 2).

While at higher photon energy, the fragment C3H;NT
(m/z=57 amu) will further dissociate and the fragment
CH3N* (m/z=29 amu) is generated. There is a tran-
sition state (TS2) related to the cleavage of C—N bond
in this process, which possess high energy barrier. In
this process, the cleavage of the bond is required to sur-
mount a higher energy barrier of 2.65 eV between TS2
and the fragment C3H7NT (m/z=57 amu).

Thereafter, the fragment CH3N* (m/z=29 amu)
could be generated while TS2 was surmounted. The
AE for CH3N™ (m/2=29 amu) can be calculated as fol-
lows,

AE(CH3NT) = E(TS2) — Ey = 12.25 eV (7)

which agrees well with the experimental value mea-
sured as 12.20£0.03 eV in the PIE cure of CH3N™ (see
FIG. 2)

The generation of fragment CH4NT (m/2=30 amu)
is regarded as another channel from the Cs;H,Nt
(m/z=57 amu), where the H atom of the C—H bond
transfers to the N—H group while the C—N bond is bro-
ken. A transition state (TS3) displays in this process,
and we also perform the intrinsic reaction coordinate
(IRC) calculations to confirm that TS3 connects two
appropriate local minima in the reaction pathways. The
IRC calculations are shown in FIG. S5 (supplementary
materials).

Therefore, when the energy exceeds the barrier of
TS3, the fragment CHy;NT (m/2=30 amu) could be
generated. The AE of the fragment CH4;N™ can be
calculated as follows:

AE(CH4NT) = E(TS3) — Ey = 11.80 eV (8)

The result is in agreement with the experimental value,
which is measured as 11.78+0.03 eV in the PIE cure of
CH4N™* (see FIG. 2).

Note that the measured AEs involving a barrier show
slightly lower than the theoretical results, it could be
attributed to the kinetic shift. The kinetic shift results
in the overestimation of threshold energies due to the
contribution of excess energy in the transition state nec-
essary to yield rate constants larger than 10% s=1. The
excess energy in the transition state affects the AEs
measurements such that it always causes the threshold
energies to be overestimated.

V. CONCLUSION

We have presented the photo-induced photoioniza-
tion and dissociative photoionization of morpholine by
ultraviolet synchrotron radiation PIMS combined with
theoretical calculations. The experiments show the AIE
of the chair form morpholine is 8.3740.05 eV in the
gas phase. This value agrees reasonably well with a
theoretical estimation of 8.41 eV. Four main mass dis-
sociation channels C4HgNO™T, CsH,NT, CH3NT and
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CH4N* were measured at 9.5040.05 eV, 9.7840.05 eV,
12.2040.05 eV, 11.78+0.03 eV respectively.

The morpholine monomer could be photo-dissociated
by breaking C—C, C—0O, C—N bonds because of site-
selective photoionization, resulting in two distinct frag-
ment ions, i.e. CH3N' and C3H;NT. When an elec-
tron was removed from the HOMO with low photon
energy, the C—H bond was broken to generate the
C4HsON™T (m/2=86 amu) fragment cation. At higher
photon energy, an electron can be ejected from the
HOMO-1. The C,—Cg bond and C—O bond would
be broken to generate the C3sH;N™t (m/2=57 amu) frag-
ment cation. As the photon energy increases, the frag-
ment C3H;N*' (m/z=57 amu) will further dissociate
to CH3N™T (m/2=29 amu) and CH4NT (m/2=30 amu)
with the cleavage of C—N bond, which is confirmed ex-
perimentally and theoretically. The study conclusions
of morpholine can be applied to the aliphatic hetero-
cyclic compound and may be translated to living cells
and other biological systems in the future.

Supplementary materials: The four lowest-energy
structures of morpholine, distances of atoms in the neu-
tral and cationic morpholine monomer, PIE spectra of
the morpholine monomer and fragmentation at mass
channels m/z=56 amu and m/z=28 amu, energy dia-
gram for the VUV one-photon photoionization and dis-
sociation of the morpholine monomer, the comparison
of the bond energies of the individual hydrogen loss
channel and IRC calculation of fragment CH;NT are
available.
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