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ures of gas-phase neutral
morpholine and its monohydrated complexes:
experimental and theoretical approaches

Huaqi Zhan, Yongjun Hu,* Pengchao Wang and Jiaxin Chen

Morpholine (NH(CH2CH2)2O) is a typical six-membered aliphatic heterocyclic compound. Herein, infrared

plus vacuum ultraviolet (IR/VUV) single photon “soft” ionization spectroscopy was employed to study

the structures of neutral morpholine and its monohydrated clusters. Theoretical calculations revealed

that the structures containing equatorial-chair and axial-chair conformations were the most stable

conformers in the gas phase, and this was confirmed by IR spectral analysis. Analysis of the observed and

calculated spectra of the monohydrated clusters suggested that multiple conformers may co-exist in the

molecular beam, and that the water molecule acts as a hydrogen donor. In the most stable structure, the

hydrogen atom of the water molecule is bound to the NH group of the equatorial-chair conformer of

morpholine. Moreover, the water molecules simultaneously serve as hydrogen bond donors for the NH

group and interact with the CH group weakly. It is suggested that the weak intermolecular CH/O

interaction is also responsible for the molecular stability.
1. Introduction

Aliphatic heterocyclic compounds have received considerable
interest in recent years.1–8 In heterocyclic compounds, the ring
contains at least one other type of atom besides the carbon
atoms. Heterocyclic compounds form the largest class of
organic compounds, and most commonly contain nitrogen,
sulfur, or oxygen atoms in addition to carbon. They are widely
found in nature, and most of the important compounds related
to biology are heterocyclic compounds, such as nucleic acids,
certain vitamins, antibiotics, hormones, pigments, and alka-
loids. In addition, the wide variety of heterocyclic compounds
have various properties, some of them can be used as drugs,
pesticides, herbicides, dyes, or plastics.

Morpholine is a typical six-membered aliphatic heterocyclic
compound with the molecular formula NH(CH2CH2)2O. It
contains a heterocyclic ring that is present in many compounds
of biological and pharmaceutical relevance.9 Most interestingly,
the morpholine heterocycle contains both nitrogen and oxygen
atoms. The carbon atoms adjacent to the N–H bond are satu-
rated, ensuring sp3 hybridization at the nitrogen center, with the
result that the N atom lies out of the plane dened by the four
carbon atoms. This gives rise to two possible conformers where
the N–H bond lies either axial or equatorial.10 We were also
curious to see what would happen if a monomer provided two
different acceptor sites. Morpholine is an amine as well as an
Institute of Laser Life Science, College of

rsity, Guangzhou 510631, P. R. China.

hemistry 2017
ether, and each group can provide an electron pair to accept
a water proton and form a hydrogen bond. Because the alkalinity
of the amine group is considerably greater than that of the ether
group, we expected that the N/H–O bonded complex would be
preferred.

In general, the molecular structure of morpholine can be
explored using several experimental techniques, such as NMR,
IR, microwave, and Raman spectroscopy, and dipole moment
and Kerr effect measurements, etc.11–14 However, different
conclusions have been reached by different groups. For instance,
the axial-chair conformation of morpholine was deduced from
dipole moment and Kerr effect measurements. Allinger et al. and
Baldock and Katritzky,15,16 suggested an equatorial-chair confor-
mation. Smith and Shoulders17 could not distinguish the
conformers that were present in morpholine using NMR
measurements because the axial and equatorial conformations
easily interconvert on the timescale of NMR spectroscopy. Bal-
dock and Katritzky16 considered the equatorial positions to be
more stable from IR measurements between the equatorial and
axial conformation. Sloan and Kewley13 found many character-
istic features for the equatorial-chair conformation from micro-
wave spectroscopy but none for the axial-chair form. In 1989,
Grabow et al.,14 repeated the microwave spectroscopy measure-
ments for the normal and N-deuterated species at very high
resolution and derived deuterium quadrupole coupling
constants. The presence of two conformers was supported by
Raman spectroscopy in the liquid state.18,19 However, the details
of the structure of the morpholine molecule and its hydrated
clusters in the gas phase need further studies.
RSC Adv., 2017, 7, 6179–6186 | 6179

http://crossmark.crossref.org/dialog/?doi=10.1039/c6ra26582k&domain=pdf&date_stamp=2017-01-13
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra26582k
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007011


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Ja

nu
ar

y 
20

17
. D

ow
nl

oa
de

d 
on

 1
0/

22
/2

02
5 

4:
20

:2
1 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
It is well know that Fourier transform IR (FTIR) absorption
spectroscopy is one of the most effective approaches to study
molecule and cluster structures, which had made massive
outstanding achievements,20–31 these include the groups of
Suhm, Georges, and Asselin. In this paper, we introduce an
alternative infrared absorption spectroscopy technique. Super-
sonic jet-laser spectroscopy is one of the most powerful tools for
investigating the variety of conformers because it enables
researchers to freeze conformational conversion using the
ultracold, collision-free conditions in a jet.32 The frozen
conformers are easily distinguished by IR dip spectroscopy, and
their structures can be precisely determined. Recently, mass-
selected optical spectroscopy has been widely applied in the
investigation of gas-phase structures and dynamics. Combining
mass-selected optical spectroscopy with the supersonic jet
technique enables us to determine the geometrical structures
and dynamics of molecules and clusters with high reliability.
Vibrational spectroscopy in supersonic jets is an effective
approach that can provide information on the geometric
structures of molecules and clusters, and their intermolecular
interactions.33–38 Furthermore, the vibrational frequencies and
intensities of IR absorption modes, such as modes involving
OH, NH, and CH groups, are generally very sensitive probes of
hydrogen bonding and other intra- and intermolecular inter-
actions. This makes them excellent probes for the investigation
of detailed aspects of the structures of biologically relevant ions,
radicals, and molecules.39 In addition, the extent of hydrogen
bonding can be directly investigated by using IR spectroscopy to
detect the OH and NH stretching modes of the relevant clus-
ters.40 The OH and NH vibrations are very susceptible to local
perturbations and show dramatic red shis when the OH or NH
group is strongly hydrogen bonded as an acceptor group, such
as the OH group of an adjacent water or alcohol molecule.41–44

Modern quantum chemical calculations, for instance,
density functional theory (DFT) andMøller Plesset second-order
perturbation theoretical functional (MP2) calculations, can be
used to optimize the structures and predict the energies and
frequencies of monomer molecules and clusters.19,45,46 Recently,
vibrational spectroscopy combined with quantum chemical
calculations was successfully applied to distinguish molecular
conformers, exploring conformational equilibrium in the
condensed state and assign vibrational bands.32,47,48

In the present study, we combine IR spectroscopy with
various theoretical methods to investigate the structure of
morpholine and its monohydrated complexes. These structures
were probed using IR spectroscopy with vacuum ultraviolet
(VUV) photoionization detection.

2. Methods
2.1 Experimental methods

Liquid morpholine (>98% pure) was purchased from Aladdin-
reagent company (Shanghai, China) and used without further
purication. The experimental apparatus employed to record
VUV/TOFMS and IR spectra has been previously described in
detail,33,49–52 and thus only a brief description is given here.
Liquid morpholine is placed close to the valve body at room
6180 | RSC Adv., 2017, 7, 6179–6186
temperature. He (purity 99.999%) was used as the carrier gas
and the stagnation pressure was about 0.1 MPa. The mor-
pholine vapour and carrier gas mixture gas is expanded into
a vacuum chamber from a pulse nozzle under supersonic ow
conditions. The beam is collimated by a conical skimmer with
a 1.5 mm entrance aperture at its apex, located about 3 cm
from the nozzle orice. This beam is crossed perpendicularly
by a 118 nm VUV laser beam at the ion source region of
a TOFMS. The vertical ionization energy (VIE) of morpholine is
predicted ca. 8.27 eV, which is less than the ionizing VUV
photon energy employed in this study. The counter propa-
gating (to the VUV beam) IR laser beam is focused upstream
from the molecular beam/118 nm light beam intersection
point by a 40 cm focal length lens.

Generation of the VUV 118 nm laser light and the IR light was
reported in previous publications.50 The VUV radiation is gener-
ated as the ninth harmonic of the fundamental of the 1064 nm
output of a Nd3+:YAG (yttrium aluminum garnet) laser. The
fundamental 1064 nm is tripled to 355 nm, which is focused into
a cell with Xe/Ar at a ratio 1 : 10 at approximately 250 Torr by
a 25 cm lens. The 118 nm light generated is focused by a MgF2
lens into the ionization region of a TOFMS. This same lens
defocuses the residual 355 nm light. The 118 nm light is about 5
mJ per pulse or 1012 photons per pulse53 and the conversion
efficiency is roughly 1.2 � 10�5. This light is employed for single
photon ionization of the molecules and clusters in the molecular
beam. Tunable IR radiation 3–5 mJ per pulse in the 2800–3800
cm�1 range with a bandwidth of 2–3 cm�1 (broad band mode) is
generated from an optical parametric oscillator/optical para-
metric amplier (OPO/OPA) system (LaserVision) pumped by the
Nd:YAG fundamental and counterpropagates with respect to the
VUV beam. Both the VUV and IR laser beams are perpendicular to
the molecular beam and to the ion ight path of the TOFMS.
2.2 Computational methods

The calculations of geometry optimization, vibrational
frequencies, all of the theoretical calculations were performed
with the GAUSSIAN 03 and GAUSSIAN 09 program packages.
The geometry optimizations were calculated by the DFT and
MP2. The MP2 theoretical functional, which accounts for the
electron correlation, can obtain more reliable results for
correlation energies than the DFT method.41 Therefore, the
geometry optimization and correlation energies of morpholine
were predicted by MP2/6-311++G(d,p). Natural bond orbital
(NBO) analyses of the monohydrated morpholine complexes
were performed at the same level of theory. However, compared
with the MP2 theoretical functional, the DFT method is inex-
pensive, and the prediction of normal-mode frequencies is
reliable.53,54 Thus, the geometries and the vibrational frequen-
cies of the morpholine conformers were optimized at the
B3LYP/6-311++G(d,p) level. In order to conrm the results, we
made further theoretical calculations employing the uB97X-D/
cc-pVTZ level. The resulting relative energies are given in
Table 1. Therefore, we chose the uB97X-D/cc-pVTZ computa-
tional results for the nal discussion in present report.
However, we also carried out geometry optimization at MP2/
This journal is © The Royal Society of Chemistry 2017
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Table 1 Relative energies (Erel/kJ mol�1) calculated at the B3LYP/6-
311++G(d,p), MP2/6-311++G(d,p) and uB97X-D/cc-pVTZ levels of
theory for the most stable conformers of the morpholine and its
monohydrated complexes

Conformer Erel (B3LYP) Erel (MP2) Erel (uB97X-D)

Eq-chair 0 0 0
Ax-chair 4.3 4.8 3.1
Ax-boat 26 26 25
Eq-boat 30 35 32
Ma–H2O-1 0 0 0
Ma–H2O-2 6.4 4.8 6.1
Ma–H2O-3 10 7.7 12
Ma–H2O-4 25 19 22
Me–H2O-1 8.5 5.8 6.2
Me–H2O-2 12 9.6 10
Me–H2O-3 15 13 14
Me–H2O-4 30 23 24
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aug-cc-pVTZ level for monohydrated morpholine to calculate
the hydrogen bond length. The calculated geometry optimiza-
tion were corrected for basis set superposition errors (BSSE)
using the scheme of Boys and Bernardi counterpoise correction.
3. Results and discussion
3.1 Mass spectra

Fig. 1 shows the mass spectra of morpholine and its mono-
hydrated clusters, which observed by using a time-of-ight mass
spectrometer. Two mass spectra are superimposed in this
gure: the black line represents the mass spectrum of mor-
pholine or its monohydrated clusters that were generated with
118 nm one-photon ionization, and the red line represents the
Fig. 1 (a) Mass spectra of morpholine cation and fragment ions which
are generated in the 118 nm light with the IR light on/off. (b) Mass
spectrum of morpholine monohydrated clusters and fragment ions
which are generated in the 118 nm light with the IR light on/off. Both
mass spectrums were observed with a time of flight mass spectrometer.

This journal is © The Royal Society of Chemistry 2017
mass spectrum of morpholine or its monohydrated clusters
obtained with both IR (about 3000 cm�1) and 118 nm radiation.
The IR probe precedes the 118 nm pulse by 50 ns. The mass
peaks of the morpholine cation (m/z ¼ 87) and the fragment
cation (m/z ¼ 86, 57) are seen in Fig. 1(a). The intensity of
signals in mass channels m/z ¼ 57 increasing with the addition
of IR photons, while the mass channel m/z ¼ 86 is not signi-
cantly enhanced. In contrast, the signals related to the parent
ion (m/z ¼ 87) are reduced in the presence of IR radiation at
2900 cm�1 approximately, which corresponds to the C–H
stretching modes (Fig. 1(a)). This suggests that the absorbed IR
photons cause the morpholine monomer to dissociate into
morpholine fragments. Aer absorbing IR photons, the mole-
cule is excited to higher vibrational states and thus its frag-
mentation efficiency is increased. The fragment with m/z ¼ 86
arises from the morpholine molecular lossing a H atom under
single photon ionization. This dissociation is known to produce
the C4H8NO

+ ion and a hydrogen atom in the following steps:
C4H9NO + hn (10.5 eV)/ C4H8NO

+ + H + e�. The signal atm/z¼
57 is assigned to the loss of a CH2O radical from themorpholine
cation: C4H9NO + hn (10.5 eV) / C3H7N

+ + CH2O + e�. Fig. 1(b)
shows the mass spectrum of the morpholine monohydrated
clusters and its fragment ions. These fragment ions are the
same as those observed in Fig. 1(a), which indicates that no new
pathway involving the water molecule is opened. The IR radia-
tion clearly causes the monohydrated clusters of the morpho-
line cation (MW+) to disappear. However, we did not observe
any obvious enhancement of other smaller ion peaks. This
phenomenon may be due to the relatively small content of
clusters in the molecular beam, so little impact on the other
ions. The infrared (IR) absorption spectrum was observed by
controlling the sample concentration conditions that no larger
clusters were observed. At low concentrations, the measured
spectrummainly corresponds to the original IR spectrum of the
monomer or monohydrated cluster and serious distortion from
larger cluster fragmentation would be mostly avoided.
Fig. 2 The four lowest-energy structures of morpholine calculated by
uB97X-D/cc-pVTZ. The relative energy in kJ mol�1 is listed above
each structure.

RSC Adv., 2017, 7, 6179–6186 | 6181
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3.2 Monomer structure

The morpholine molecule is known to exist as a chair form with
the N–H bond arranged in axial and equatorial conformations in
the liquid.19 Extensive studies of the conformation of neutral
morpholine have been previously carried out,10,55–58 but only few
of these have been in the gas phase. Fig. 2 shows the four lowest
energy conformers of the morpholine molecule, calculated at the
B3LYP/6-311++G(d,p) level of theory and reoptimized at the
uB97X-D/cc-pVTZ level. Both the skew-boat and chair confor-
mations are found to be stable, and the four conformations can
be identied from the N–H bond that lies either axial or equa-
torial relative to the skew-boat and chair ring. As shown in Fig. 2,
the chair conformers have higher symmetry and are much more
stable (with a stabilization energy of about 25.06 kJ mol�1) than
the skew-boat conformer, which reveals that the chair conformer
may be favored in the gas phase. In the chair conformer, the
dihedral angle between the N–H bond and the C–N–C plane is
�121.0� and 119.70� for the equatorial and axial conformations,
respectively. The energy difference between the two chair
conformers (equatorial and axial) is only 3.1 kJ mol�1, and the
equatorial conformer is more stable. This implies that chair
conformers may co-exist in the gas phase. Furthermore, previous
work10,59 has identied that the boat conformers do not
contribute to the IR or microwave spectra of morpholine, which
demonstrates that the two chair conformers are dominant in the
liquid phase. Under jet-cooled conditions, the temperature of the
molecular beam is about 15 K.10Owing to the difference in energy
between two conformers, the parent molecules can be expected
to freeze into two conformer forms and not interconvert freely.

The observed and calculated IR spectra of the neutral mor-
pholine monomer in the range of 2600–3600 cm�1 are shown in
Fig. 3; this frequency range corresponds primarily to C–H and
N–H stretching. The calculated spectra are based on the four
conformations of neutral morpholine at the uB97X-D/cc-pVTZ
level, and the vibrational frequencies are scaled by 0.9415.
Fig. 3(a) shows the observed IR spectrum of gas-phase neutral
morpholine in the range of 2600–3150 cm�1; the C–H stretching
Fig. 3 Observed IR spectrum of neutral morpholine and the calcu-
lated spectrum based on the optimized structure shown (uB97X-D/
cc-pVTZ). The calculated frequencies are scaled by 0.9415.

6182 | RSC Adv., 2017, 7, 6179–6186
bands are clearly observed as slightly broadened bands at about
2820, 2848, 2907, 2939, and 2954 cm�1. Theoretical calculations
show that both equatorial-chair and axial-chair are the stablest
structures among all of the conformers, and the spectrum calcu-
lation for the two chair conformers show good agreement with all
of the observed spectral features in the studied range. In contrast,
the calculated spectra for the other conformers do not reproduce
the observed intense C–H stretching bands very well. The IR
spectrum of neutral morpholine in the range of 3200–3500 cm�1

is also show in Fig. 3(a). The frequencies of this region correspond
primarily to N–H stretching vibrations. The bands attributed to
the N–H stretching of the axial and equatorial conformers are
observed at 3320 and 3336 cm�1, respectively, and these two
bands overlap at approximately 3330 cm�1. Theoretical calcula-
tion results in this region show good agreement with the observed
spectra (Fig. 3). Generally, the results above reveal that both of the
two chair conformers may coexist in the conformational equilib-
rium of the gas. Hence, only the two chair conformers are
considered further in this paper. Furthermore, the theoretical
calculations reveal that the equatorial-chair conformer is more
stable, and thus it may be more favorable in the gas phase.
3.3 Monohydrated morpholine

Morpholine is an interesting molecule from the viewpoint of
hydrogen bonding interactions owing to the presence of
multiple hydrogen bonding sites. Water can serve as a hydrogen
bond donor for both the NH group and the ether oxygen of
morpholine, and it can also act as a hydrogen bond acceptor for
the NH group. It is anticipated that monohydrated morpholine
will present many different isomers. Fig. 4 shows the fully
optimized geometries of the eight lowest-energy structures of
neutral monohydratedmorpholine. All geometries were initially
optimized at the B3LYP/6-311++G(d,p) level of theory and
reoptimized at the uB97X-D/cc-pVTZ level.
Fig. 4 The eight lowest-energy structures of morpholine mono-
hydrated complexes calculated by uB97X-D/cc-pVTZ. The relative
energy in kJ mol�1 is listed above each structure.

This journal is © The Royal Society of Chemistry 2017
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In the most stable structure of monohydrated morpholine,
Me–H2O-1 (shown in Fig. 4), the morpholine molecule has an
equatorial-chair conformation and the water molecule serves as
a hydrogen bond donor for the NH group. The morpholine
molecule also exists as the equatorial-chair conformer in Me–

H2O-2 and Me–H2O-3, but the water molecule serves as
a hydrogen bond donor for the ether oxygen. The calculated
results reveal that the energies of Me–H2O-2 and Me–H2O-3 are
about 6.1 and 12 kJ mol�1 higher than that of Me–H2O-1 at the
uB97X-D/cc-pVTZ level, respectively. The theoretical calculations
presented in Fig. 4 thus show that themonohydratedmorpholine
complex with the equatorial-chair conformation is more stable.
Furthermore, the most stable monohydrated clusters containing
equatorial and axial morpholine conformers are Me–H2O-1 and
Fig. 5 Observed IR spectrum of neutral monohydrated morpholine an
(uB97X-D/cc-pVTZ). The calculated frequencies are scaled by 0.9415.

This journal is © The Royal Society of Chemistry 2017
Ma–H2O-1, respectively. This indicates that the water molecule
preferentially serves as a hydrogen donor for the NH group in
morpholine. This conclusion agrees well with the Fourier trans-
form microwave study of Indris et al.,57 and it reects the large
intrinsic basicity of this functional group, which is much larger
than that of the ether oxygen. However, the watermolecule serves
as a hydrogen acceptor in the least stable complexes (Me–H2O-4
and Ma–H2O-4). Therefore, there is only a low probability that
the morpholine molecule serves as hydrogen donor in the
monohydrated morpholine.

Fig. 5 presents the IR plus VUV spectrum recorded at 118 nm
for monohydrated morpholine, together with the correspond-
ing spectra calculated for the eight lowest-energy conformers of
monohydrated morpholine. These spectra are based on the
d the calculated spectrum based on the optimized structure shown

RSC Adv., 2017, 7, 6179–6186 | 6183
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Fig. 6 MP2/aug-cc-pVTZ optimization for Me–H2O-1 and Me–H2O-2
and nbo plots illustrating the overlap of the s*C–H of morpholine and
the n(O) orbital of the oxygen atom in water in the morpholine–water
complex: Me–H2O-1 and Me–H2O-2.
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conformations optimized at the uB97X-D/cc-pVTZ level of
theory, and the vibrational frequencies were scaled by 0.9415. In
the observed spectrum of monohydrated morpholine (Fig. 5(a)),
a sharp intense dip peak is observed at 3714 cm�1, which
corresponds to the free O–H stretch of water. The two broad
bands at about 3309 and 3432 cm�1 must therefore result from
hydrogen bonded. The feature at 3432 cm�1 can be assigned to
O–H stretching hydrogen bond, and the feature at 3309 cm�1 to
the N–H stretching hydrogen bond. These spectral features
seem to indicate that the monohydrated morpholine has a ring-
type structure, in which the water acts as a bridge and serves as
hydrogen bond acceptor to the N–H group and a hydrogen bond
donor to the ether oxygen. However, DFT and MP2 energy
calculations do not support this assignment, and the geometry
optimization shows that this is an unstable structure. As we can
see in Fig. 5, the observed spectrum does not match very well
with the simulated spectra of the monohydrated morpholine
complexes that contain O–H/N (b, e) or O–H/O hydrogen
bonds (c, d, f, g). However, the signals corresponding to
O–H/N hydrogen bond stretching in simulated spectra (b) and
(e) match with the signal in the observed spectrum at 3309
cm�1, and those corresponding to O–H/O hydrogen bond
stretching in (c), (d), (f), and (g) match with the signal in the
observed spectrum at 3432 cm�1. Therefore, we conclude that
structures of monohydrated morpholine in which the water
molecule behaves as a hydrogen bond donor towards the NH
group and the ether oxygen co-exist in the molecular beam. The
discrepancy in the calculated spectra may be explained by the
anharmonic resonance with the combination and the overtone
bands of lower frequency modes. In addition, the absence of an
antisymmetric free OH stretch in the experimental spectrum
indicates that the morpholine monohydrated clusters in which
themorpholine molecule behaves as the hydrogen donor do not
contribute to the IR spectrum. This is also supported by the
theoretical calculations. In other words, these results imply that
more than one monohydrated conformer is present in the
beam, where it would be more appropriate for the morpholine
molecule to behave as the hydrogen donor in the monohydrated
clusters. Considering the cooling effect in the molecular beam,
the low energy structures will be dominant at low temperature.
Indris and coworkers employed FT microwave spectroscopy to
investigate the morpholine–H2O complex.57 Their results
demonstrate that the N/H–O hydrogen-bonded structure was
found existing in a molecular beam, while the O/H–O
hydrogen-bonded structure was not detected. It is worth noting
that no sharp band related to free N–H stretching is seen in
Fig. 5; the absence of this feature may be due to the fact that the
N–H stretching signal is too weak and its position may overlap
with the broad hydrogen bond signals.

We can nd that the water molecules form two different
kinds of hydrogen bond (O–H/O and O–H/N) in the
complexes with morpholine molecule in the spectra. And the
hydrogen bond length of O–H/N calculated inMe–H2O-1 is 189
pm, which is longer than the O–H/O hydrogen bond in Me–

H2O-2 (185 pm) (Fig. 6). These two hydrogen bonds attributable
to strong hydrogen bonds.60 To substantiated the spectroscopy
results and estimated the interaction strength, we carried out
6184 | RSC Adv., 2017, 7, 6179–6186
the natural bond orbitals (NBO) calculations with MP2/6-
311++G(d,p) (Pop ¼ nbo) level. The second-order perturbation
stabilization energy E(2) obtained from natural bond orbital
(NBO) analysis for the n(O) / s*(O–H) hydrogen bond inter-
action in Me–H2O-2 (48 kJ mol�1) is more than the n(N) /

s*(O–H) hydrogen bond interaction in Me–H2O-1 (29 kJ mol�1).
The stabilization energy gained from the hydrogen bond
interaction, denoted E(2), is a measure of the interaction
strength.61 This result means that the s* orbital of the water
O–H bonds overlap better with the oxygen lone pair orbital of
morpholine. As we can see in Fig. 4, the oxygen atom of mor-
pholine acts as hydrogen bond acceptor, while the water
molecule serves as a hydrogen bond donor and seems to have
a weakly intermolecular interacts with the CH groups at the
same time (Fig. 6) in the Me–H2O-2 and Ma–H2O-2 structure.
However, this phenomenon was not found in Me–H2O-3 and
Ma–H2O-3 structure. Furthermore, the Me–H2O-2 andMa–H2O-2
structure is more stable thanMe–H2O-3 andMa–H2O-3 structure
in energy respectively. This suggests that the weak intermolec-
ular interaction C–H/O may be contributes to the molecular
stability of the complex. The occurrence of the weak intermo-
lecular reactions improves the relative stability of these mor-
pholine–water complexes. To prove the existence of this
interaction, the NBO diagrams shows that the oxygen lone pair
orbital of water and the s* orbital of the C–H bonds overlap in
Me–H2O-1 and Me–H2O-2 structure would lead to intermolec-
ular interaction occurring (see Fig. 6). Moreover, the second-
order perturbation stabilization energies, E(2), between the
nonbonding orbital and the s* orbital (Lewis type NBO) is 0.92,
0.42 kJ mol�1 in Me–H2O-1 and Me–H2O-2 respectively. And we
can found that the s* orbitals of the C–Hbonds overlap with the
This journal is © The Royal Society of Chemistry 2017
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oxygen lone pair orbitals in Me–H2O-1 and Me–H2O-2. Thus, the
interactions among the oxygen lone pair orbitals and the C–H
bonds are conrmed. These results imply that there are weak
interactions C–H/O between the molecules (morpholine and
water) besides the strong hydrogen bonding interactions. And
this weak force may also play an important role in the inter-
molecular reactions and contribute to improve the relative
stability of these conformations.

4. Conclusions

This study describes a promising spectroscopic method, in
which IR/VUV photoionization vibrational spectra are
combined with theoretical calculations. This technique enables
us to monitor multiple vibrational modes of the different
isomers of morpholine and its monohydrated complexes.

The results show that the two chair conformers (axial and
equatorial) are the most stable structures among all of the
conformers, which are the dominant in a supersonic expansion.
The predicted IR spectra for these two conformers show good
agreement with the observed spectral features. DFT and MP2
calculations show that monohydrated morpholine has several
stable conformers. The obtained IR spectra suggest that
multiple isomers may be formed in the expansion, and that
morpholine prefers to act as the hydrogen acceptor in hydrogen
bonding involving the NH group and the ether oxygen. More-
over, NBO analysis result shows that the weak intermolecular
reactions CH/O exists in the complexes, and this weak inter-
action contribute to improve the relative stability of these
conformations.
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