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Abstract. The proton affinities, gas phase basicities and adiabatic ionization energies and electron affini-
ties of some important hydroxylamines and alkanolamines were calculated using B3LYP, CBS-Q and G4MP2
methods. Also, the B3LYP method was used to calculate vertical ionization energies and electron affinities of
the molecules. The calculated ionization energies are in the range of 8-10.5 eV and they decrease as the num-
ber of carbon atoms increases. Computational results and ion mobility spectrometry study confirm that some
alkanolamines lose a water molecule due to protonation at oxygen site and form cationic cyclic compounds.

Effect of different substitutions on the cyclization of ethanolamine was studied theoretically.
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1. Introduction

Proton transfer reactions and ionization are impor-
tant processes that play a key role in the atmospheric
chemistry and biochemistry.!:? Proton affinity and gas
phase basicity determine the capability of an atom or a
molecule to accept a proton in the gas phase. The pro-
ton affinity, PA, of a molecule, M, is defined as -AH of
its protonation in the gas phase,

M (g) +H" (g) > MH" (g) ey

Also, gas phase basicity of M is defined as the Gibbs
free energy change (-AG) of reaction (1). Proton affin-
ity and gas phase basicity of compounds are deter-
mined using different experimental techniques.®* For
example, proton affinity of M is measured by mass and
ion mobility spectrometry (IMS) from the following
proton-exchange reaction in the gas phase.’

M (g) + NH" (g) > MH" (g) + N. 2

However, since experimental measurement of the pro-
ton affinity is not easy, recently there has been much
interest in computational methods to determine the
proton affinity.”~’

Adiabatic ionization energy (AIE) and adiabatic elec-
tron affinity (AEA) are the energy difference between

*For correspondence

Alkanolamines; computational methods; proton affinity; heterocyclic compounds; ion mobility

neutral molecule and its cation and anion when all
species are in their ground electronic states, respec-
tively.® The electronic energy difference between the
ground states of the neutral molecule and its anion
or cation at the equilibrium geometry of the neutral
molecule is called the vertical electron affinity (VEA)
and ionization energy (VIE) respectively.® Ionization
energy and electron affinity are useful quantities for
Chemists and Biochemists, because these properties
help to understand the chemical and biological phe-
nomena like electron donor and acceptor abilities of
DNA.’

Hydroxylamines and alkanolamines are important
compounds which have high applications in organic
and inorganic synthesis and need special care for
preparations.'®!! Hydroxylamines can be used to pro-
duce amines'® and they react with aldehydes and ke-
tones to form oximes.'* Alkanolamines such as ethano-
lamine (EA) and diethanolamine (DEA) are base chem-
icals in the production of pharmaceuticals, detergents,
emulsifiers, polishes, corrosion inhibitors and chemical
intermediates.!! DEA is used to synthesize morpholine,
an important heterocyclic molecule.'?

The hydroxylamines and alkanolamines have two
different sites, oxygen and nitrogen atoms, to accept
a proton. Hence, they have two different values for
the proton affinity and gas phase basicity. Protonation
of molecules with different proton acceptor sites have
been studied both experimentally and theoretically.*7-14
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These studies show that nitrogen atom is the preferen-
tial site of protonation.’-!*

Ionization energies of some alkanolamines and
hydroxylamines have been determined experimentally
using photoelectron and ionization spectroscopy.!>~!8
The experimental ionization energies for hydroxy-
lamine, N-methyl, hydroxylamine, O-methyl, hydrox-
ylamine and DEA are 9.6, 9.82, 10.28 and 9.87 eV,
respectively.>~!® In this work, the proton affinities, gas
phase basicities, both adiabatic and vertical ionization
energies and electron affinities of hydroxylamine, N-
methyl-hydroxylamine, O-methyl-hydroxylamine, me-
thanolamine, dimethanolamine, trimethanolamine, EA
and DEA are calculated using G4MP2, B3LYP/6—
311++G(2df,p) and CBS-Q computational methods.

2. Experimental and Computational Details

G4MP2, B3LYP and CBS-Q computational methods
are commonly used to calculate the thermodynamic
properties of compounds.® It is shown that density
functional theory (DFT) methods with a large and
reasonable basis set can give reliable thermodynamic
properties for systems included hydrogen bonding,'*-?
therefore, the B3LYP as a DFT method was selected
in this work. Large basis set, 6-311++G(2df,p), used
for the DFT calculations which involves polarization
and diffuse functions for both hydrogen and heavy
atoms.

Compound methods such as complete basis set
(CBS)*!' and Gaussian methods (G1-G4)?*?* are known
as good methods to accurately compute thermodynamic
properties. In the CBS-Q and G4MP2, the total energy
is computed from a series of consecutive calculations.
In the CBS-Q method the MP2 is used for geome-
try optimization and a complete basis set extrapola-
tion of the correlation energy and then corrected to
the CCSD(T) level by adding some corrections.” In
G4 method, the optimized structure and zero point
energy are obtained at the B3LYP/6-31G(2df,p) level
of theory.”> Then, a series of single point correla-
tion energy calculations are performed at the MP4/6-
31G(d), MP4/6-31+G(d), CCSD(T)/6-31G(d), MP2
and MP3 levels of theory. These energies are modified
by some corrections at the end.?? In the G4(MP2) theory
calculations by the MP3 and MP4 methods with large
basis set are eliminated.”® It is found that G4(MP2)
is more accurate than G3 method.”® All calculations
were performed using Gaussian 09 quantum chemistry
package.?*

Figure 1 shows the schematic diagram of the ion
mobility spectrometer (IMS) used in this work. The
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detail components of the IMS have been explained in
the reference section.”> In summary, the sample is ion-
ized with a corona discharge in the ionization region
of IMS. The drift gas (pure nitrogen, 99.999%) is used
to prevent the entrance of neutral species into the drift
tube, therefore, only protonated molecules enter into
the drift tube. The flow rates of the drift and the car-
rier gas were typically 900 mL/min and, 500 mL/min,
respectively. The identities of the ions are then deter-
mined by measuring their mobility in an electric field.
Diethanolamine (DEA) used in this work was a Merck
product of analytical grade and was 99.9% pure.

3. Results and discussion

Figure 2 shows the optimum structures of hydroxyla-
mine, N-methyl-hydroxylamine, O-methyl- hydroxy-
lamine, methanolamine, dimethanolamine, trimethano-
lamine, ethanolamine and DEA optimized at the
B3LYP level of theory using 6-311++G(2df,p) basis set.
To compute the proton affinities, gas phase basicities,
ionization energies and electron affinities of the men-
tioned molecules, it is necessary to perform the calcu-
lation on the protonated molecules, their cations and
anions.

The proton affinity values were obtained by calcu-
lating the change of enthalpy for reaction (1), where
M presents the amine. The enthalpy of H" was com-
puted as 0.00236 Hartree which equals 5/2RT. Table 1
presents proton affinities of the molecules calculated
at G4MP2, B3LYP and CBS-Q levels of theory. All
of the molecules can be protonated via both nitrogen
(N) and oxygen (O) centers. In the tables 1 and 2 the
atoms shown in parenthesis, N and O, indicate that the
molecule is protonated from the nitrogen (N) or oxy-
gen (O) sites. For the most of the molecules, nitro-
gen atoms are preferential sites for protonation, except
in the case of trimethanolamine whose three methanol
groups do not allow the nitrogen atom to accept a proton
easily. It seems, spatial structure of trimethanolamine,
protonated from its nitrogen atom, makes it unsta-
ble. Table 1 shows that the calculated proton affini-
ties using G4MP2, B3LYP and CBS-Q methods are
in good agreement with each other and those repor-
ted in literature.?®

The calculated gas phase basicities of the hydrox-
ylamines and alkanolamines are tabulated in table 2.
The gas phase basicities of the molecules protonated
from the nitrogen centers are more than those of
the molecules protonated from oxygen atoms. The
proton affinities and gas phase basicities reported in
literature®® are in agreement with those calculated for
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Figure 1. Schematic diagram of ion mobility spectrometer used in this work.
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Figure 2. Optimum structures of hydroxylamine, N-methyl-hydroxylamine, O-methyl-
hydroxylamine, methanolamine, dimethanolamine, trimethanolamine, EA and DEA opti-
mized using B3LYP/6-311++G(2df,p).

Table 1. Calculated proton affinities (-AH of protonation) of the hydroxylamines and alkanolamines. Atoms in parenthesis
are the protonation sites.

Molecules G4MP2 (kJ/mol) CBS-Q (kJ/mol) B3LYP* (kJ/mol) Literature (kJ/mol)
Hydroxylamine (N) 817.61 814.67 810.84

Hydroxylamine (O) 710.02 703.88 705.20
N-methyl-hydroxylamine (N) 860.50 859.21 855.02
N-methyl-hydroxylamine (O) 740.99 735.62 741.30
O-methyl-hydroxylamine (N) 847.48 844.09 843.12 844.8%
O-methyl-hydroxylamine (O) 758.83 753.10 753.97

Methanolamine (N) 897.22 896.43 895.16

Methanolamine (O) 885.09 889.96 893.99

Dimethanolamine (N) 930.04 910.76 925.03

Dimethanolamine (O) 929.03 910.83 933.50

Trimethanolamine (N) 940.56 937.28 932.06

Trimethanolamine (O) 934.13 933.28 936.38

Ethanolamine (N) 927.55 926.86 924.70 930.32
Ethanolamine (O) 774.48 770.25 776.80

Diethanolamine (N) 954.75 952.17 951.11 9532
Diethanolamine (O) 919.37 917.82 908.46

*basis set: 6-311++G(2df,p)
aRef 20
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Table 2.
parenthesis are the protonation sites.
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Calculated gas phase basicities (-AG of protonation) of the hydroxylamines and alkanolamines. Atoms in

Molecules G4MP2 (kJ/mol) CBS-Q (kJ/mol) B3LYP* (kJ/mol) Literature (kJ/mol)
Hydroxylamine (N) 786.16 783.44 779.65

Hydroxylamine (O) 679.23 673.22 674.45
N-methyl-hydroxylamine (N) 828.89 827.62 823.58
N-methyl-hydroxylamine (O) 710.99 705.33 711.20
O-methyl-hydroxylamine (N) 814.67 811.86 810.91 812.32
O-methyl-hydroxylamine (O) 727.15 722.35 722.57

Methanolamine (N) 865.14 864.83 860.27

Methanolamine (O) 863.58 865.03 867.96

Dimethanolamine (N) 898.68 877.25 891.98

Dimethanolamine (O) 905.82 890.26 910.97

Trimethanolamine (N) 907.61 905.18 898.25

Trimethanolamine (O) 913.29 915.71 916.87

Ethanolamine (N) 894.69 894.63 892.10 896.8%
Ethanolamine (O) 747.58 745.42 749.51

Diethanolamine (N) 923.36 920.50 919.48 920*
Diethanolamine (O) 893.55 896.96 884.91

*basis set: 6-311++G(2df,p)
aRef 20

the molecules protonated from nitrogen atoms. In addi-
tion, the proton affinities and gas phase basicities
increase as the number of carbon atoms increases.
Since alkyl chain is electron donor, increasing of
the number of the carbon atoms or the alkyl chain
length make the molecule more capable to accommo-
date a positive charge.® Table 2 shows that the calcu-
lated gas phase basicities using G4MP2, B3LYP and
CBS-Q methods are in good agreement with those
reported in literature. Since the computed values are
in good agreement to those reported previously, it is
expected that the computed proton affinity and gas
phase basicity quantities for hydroxylamine, N-methyl-
hydroxylamine, methanolamine, dimethanolamine and
trimethanolamine, which have been not reported
already, are reliable.

Figure 3 shows the optimum structures of (a) neutral,
(b) N- and (c) O-protonated forms of methanolamine

(a)

(b)

optimized by G4MP2 method. The C—O and C-N bond
lengths of the three structures have been shown and
compared in figure 3. As seen, a water molecule is sep-
arated from the protonated methanolamine when the
oxygen atom of this molecule accepts a proton. This
phenomenon probably is one of the reasons for this fact
that proton affinities of the molecules decrease when
they are protonated from the oxygen sites; it so happens
because bond breakage is an endothermic reaction.
The adiabatic ionization energies (AIE) were cal-
culated using G4MP2, B3LYP and CBS-Q compu-
tational methods and the vertical ionization energies
(VIE) were calculated at B3LYP level of theory using
6-311++G(2df,p) basis set. The calculated VIE and AIE
values are tabulated in table 3. Fifth column of the
table 3 shows the reported ionization energy values in
the literature.'>~8:27-2% The results of calculations show
that the VIE values are more than the AIEs. Some of the

(c)
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Figure 3. Optimum structures of (a) neutral, (b) N- and (¢) O-protonated
forms of methanolamine optimized by G4MP2 method.



Gas phase thermodynamic properties of hydroxylamines and alkanolamines

Table 3.
units are in electron volt (e V).
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Calculated vertical (VIE) and adiabatic ionization energies (AIE) of the hydroxylamines and alkanolamine. The

Molecules G4MP2 (AIE) CBS-Q (AIE) B3LYP* (AIE) B3LYP* (VIE) literature
Hydroxylamine 9.24 9.22 9.12 10.61 9.6*
10.64°
N-methyl-hydroxylamine 8.58 8.57 8.41 9.62 9.0°
9.82b
O-methyl-hydroxylamine 8.67 8.67 8.51 10.31 9.55¢
10.28¢
Methanolamine 9.12 9.16 8.87 9.53
Dimethanolamine 8.37 8.63 8.16 8.93
Trimethanolamine 8.04 8.14 7.86 8.69
Ethanolamine 8.82 8.78 8.54 9.23 8.9¢
8.96f
9.87¢8
Diethanolamine 8.03 8.11 7.79 8.52

*basis set: 6-311++G(2df,p)
aRef. 15, PRef .10, °Ref.?7, dRef.!7, ¢Ref.28, Ref.2?, ¢Ref.!8.

experimental ionization energies reported in table 3 are
in agreement with the VIEs and others with the AIEs
values. The calculated AIE and VIE values decrease
as the number of carbon atoms increases. For exam-
ple, the adiabatic ionization energies of methanolamine,
dimethanolamine and trimethanolamine calculated by
the B3LYP are 8.87, 8.16 and 7.86 eV, respectively.
Table 4 shows the calculated adiabatic (AEA) and
vertical electron affinities (VEA) of the hydroxy-
lamines and alkanolamines. The electron affinity values
obtained by the B3LYP and G4MP2 methods have good
consistency in the case of hydroxylamines, O-methyl-
hydroxylamine and N-methyl-hydroxylamine while the
ionization energy values of alkanolamines calculated
using CBS-Q and G4MP2 methods are in agreement
with each other. However, these three methods show the
same electron affinity trend so that electron affinities
increase as the number of carbon atoms increases. In
other words, accommodation of an electron by a large
alkanolamine is easier than by a small one. The B3LYP

method was used to calculate both AEA and VEA val-
ues. Comparison of the AEA and VEA values shows
that they are the same in the case of hydroxylamine, N-
methyl-hydroxylamine and O-methyl-hydroxylamine
while for the alkanolamines the VEA values are more
negative.

The computational results show that the DEA pro-
duce heterocyclic compound due to protonation from
the oxygen site by losing a water molecule. Figure 4a
shows the optimum structure of DEA that is proto-
nated from oxygen atom optimized at G4MP2 level of
theory. The same cyclic structure obtained when the
O-protonated DEA was optimized by the B3LYP and
CBS-Q methods. Protonation of ethanoamine does not
result in cyclic compound, although a water molecule
separates from it (figure 4b). When an oxygen atom
of (di)ethanolamine accepts a proton, a water molecule
separates from it and its carbon atom accepts a pos-
itive charge. In case of DEA, accommodation of
the positive charge by the nitrogen atom, which is

Table 4. Calculated vertical (VEA) and adiabatic electron affinities (VEA) of the hydroxylamines and alkanolamine. The

units are in electron volt (eV).

Molecules G4MP2 (AEA) CBS-Q (AEA) B3LYP* (AEA) B3LYP* (VEA)
Hydroxylamine —0.31 —2.62 —-0.72 —0.73
N-methyl-hydroxylamine —0.22 —2.51 —0.62 —0.61
O-methyl-hydroxylamine —0.29 —0.14 —0.62 —0.63
Methanolamine —2.02 —2.48 —0.39 —0.47
Dimethanolamine —1.44 —1.52 —0.13 —0.40
Trimethanolamine —1.22 —1.23 +0.03 —-0.32
Ethanolamine —2.18 —2.24 —0.48 —0.51
Diethanolamine —1.91 —2.04 —-0.40 —0.41

*basis set: 6-311++G(2df,p)
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Figure 4. Optimum structures of (a) DEA, (b) EA, (¢) N-
methyl-EA and (d) N-fluoro-EA protonated from oxygen site
optimized using G4MP2 method.

connected to electron donor groups (ethyl or ethanol),
is easier than the carbon atom. Therefore, the car-
bon and nitrogen atoms form a bond between them-
selves and the nitrogen atom is positively charged. The
nitrogen atom of EA cannot easily accommodate a posi-
tive charge and its O-protonated form loses only a water
molecule and does not produce a cyclic compound.
To investigate the effect of electron donor/acceptor
groups on the cyclization of EA, protonation of N-
methyl-EA and N-fluoro-EA was studied. Figures 4c
and 4d show the optimum structures of these two
compounds which are protonated from the oxygen
atoms. When an amine hydrogen is replaced with
an electron donor group, C-N bond length decreases
and the cyclization process becomes more favorable
(figure 4).

Figure 5 shows ion mobility spectra of DEA as a
function of temperature. lonization mechanism in IMS
is based on proton transfer from reactant ions such as
H;O™" to a molecule, M,

H30+ +M - MH+ + HQO (3)
DEA is protonated from two site in ionization region of
IMS

H;0" + DEA — (DEA) — NH" + H,0  (4)

H;O" + DEA — (DEA) —OH" +H,0  (5)
Where (DEA)-NH" and (DEA)-OH™ are di-ethanola-
mine protonated from the nitrogen and oxygen sites,
respectively. Since protonation of DEA from oxygen
site results in separation of a water molecule from EDA,
this positive ion has a mass and size less that the DEA

Younes Valadbeigi et al.
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Figure 5. Ion
temperatures.

mobility spectra of DEA at different

protonated from nitrogen site. Therefore, it is expected
that EDA has two peaks and the peak of EDA pro-
tonated from nitrogen site appear at higher drift time.
Only one peak was observed (peak 3) at low tempera-
ture (<100°C). As the temperature increased, two peaks
appeared at lower drift times (peaks 1,2). Since pro-
tonation of EDA from N site is thermodynamically
more favorable (tables 1 and 2) and this ion has higher
mass and size, it is concluded that the observed peak
at lower temperature and higher drift time (peak 3)
is pertinent to this compound. As the temperature
increases, protonation of DEA from the oxygen atom
can take place. Two peaks were observed at higher tem-
perature and lower drift times (peaks 1,2). One of the
two peaks may be related to acyclic isomer of DEA
protonated from oxygen site, and another is its cyclic
form with the same mass. Mass spectrometry cannot
distinguish two isomers of a molecule with the same
mass while IMS has this ability."* However, we cannot
exactly assign the peaks in IMS, and peaks 1, 2 may be
related to other fragments of EDA molecule. To deter-
mine the identity of the observed peaks an IMS-MS is
required.

4. Conclusion

The proton affinities, gas phase basicties and adiabatic
and vertical ionization energies of the hydroxylamines
and alkanolamines computed at the B3LYP, CBS-Q and
G4MP2 levels of theory have good consistency with
each other and with experimental data. As the num-
ber of carbon atoms increases the proton affinity, gas
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phase basicity and electron affinity values increase and
ionization energies decrease. The calculated VEA and
AEA values of hydroxylamines are almost the same but
for the alkanolamines, the VEA values are more neg-
ative than AEV values. Protonation of alkanolamines
at oxygen site can be used as a synthetic method for
direct production of the heterocyclic compounds. To
obtain higher heterocyclic compound yield, the nitro-
gen atom of alkanolamines should have electron donor
groups and the cyclization reaction be done at higher
temperatures.
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