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Proton transfer reactions and ion-molecule reactions of bifunctional ethanes of H2NCH2CH2NH2,

H2NCH2CH2OH, and HOCH2CH2OH were studied using Fourier transform mass spectrometry (FTMS). The

rate constants for proton transfer reactions between the fragment ions and neutral molecules were obtained

from the temporal variation of the ion abundances. The rate constants were consistent with the heats of reaction.

The fastest proton transfer reactions were the reactions of CH2N
+, CHO+, and CH3O

+ for H2NCH2CH2NH2,

H2NCH2CH2OH, and HOCH2CH2OH, respectively. The [M+13]+ ion was formed by the ion-molecule reaction

between H2C=NH2
+ or H2C=OH+ and the neutral molecule. The major product ions generated from the ion-

molecule reactions between the protonated molecule and neutral molecule were [2M+H]+, [M+27]+, and

[M+15]+.
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Introduction

As a fundamental understanding of mass peaks observed

in a mass spectrum, structures of ions and mechanistic and

dynamic details of fragmentation processes have been

subject of various compounds and mass analyzers.1-4 The

fragmentation patterns of a molecule under a specific

ionization method depend upon energy deposited in ioni-

zation process, pressure of environment where ion resides,

and time given to facilitate ion-molecule reaction. Fourier

transform ion cyclotron resonance (FT/ICR) mass spectro-

metry has been widely used in the study of gas phase

chemistry.5-9 Its capability of trapping ions and high

resolution has motivated researchers to utilize Fourier

transform mass spectrometry (FTMS) as one of the pre-

mier methods for exploring gas phase ion-molecule

chemistry.

Molecules with specific functional group undergo typical

fragmentation patterns, which can be used to obtain struc-

tural information. Ionized alcohols are fragmented and

rearranged as water molecules are lost.10-12 Blanc and

coworkers13 reported that a five-membered ring involving

oxygen was formed by loss of water molecule from

HO(CH2)4OH+. Burgers and coworkers14 studied thermo-

dynamically stable isomers of ionized ethylene glycol by

experiments and high-level molecular orbital theoretical

calculations. Major fragment ions of ionized ethylene-

diamine and ethanolamine are [M-H]+, m/z 44, and m/z 30

ions.15 Audier and coworkers16 studied the formation of

cyclic diols by chemically ionizing a bifunctional organic

molecule, HO(CH2)4NH2, and proposed that the protonated

tetrahydrofuran is formed from HO(CH2)4NH3
+ by loss of

NH3 while the protonated pyrrolidine is formed from

H2N(CH2)4OH2
+ by loss of H2O.

In the ICR cell, product ions in the cell can react with

neutral molecules (ion-molecule reactions).7,9 In general, a

predominant product ion formed from proton transfer

reactions between fragment ions and neutral molecules is

protonated molecule, [M+H]+. In the present work, we

investigated proton transfer reactions and ion-molecule

reactions of ionized ethanolamine, ethylenediamine, and

ethylene glycol by varying the ion trapping time. Proton

transfer reactions between the fragment ions and neutral

molecules were investigated and their rate constants were

obtained. The formations of ions with an m/z value larger

than a molecular ion were explained by ion-molecule

reactions. The plausible structures of observed ions were

also investigated by theoretical calculations.

Experimental Section

All the experiments were carried out on an Extrel FTMS

2000 Fourier transform ion cyclotron resonance (FT/ICR)

mass spectrometer. The instrument is equipped with two

diffusion pumps attached to dual ion trapping cells aligned

collinearly in a superconducting magnet of 3.1 Tesla. The

nominal value of background pressure measured with nude

ion gauge was lower than 1 × 10−8 Torr. Samples were

introduced into the cell through a leak valve. The electron

impact energy was 70 eV. The sample pressure was about

10−6 Torr and the ion trapping time was varied in range of

1.0-1.0 × 104 ms.

Ethylenediamine, ethanolamine, and ethylene glycol

obtained from Aldrich Co. were used without further puri-

fication. The heats of formation of ions, which were not

available from literature,17 were calculated by the AM1

semiempirical method18 to investigate the stabilities of

observed ions. The calculation results were used to elucidate

the heats of reaction to understand the proton transfer

reactions and ion-molecule reactions.
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Results and Discussion

The electron ionization mass spectra of ethylenediamine

(H2NCH2CH2NH2, DA), ethanolamine (H2NCH2CH2OH,

EA), and ethylene glycol (HOCH2CH2OH, EG) at 70 eV of

electron ionization energy are shown in Figures 1-4. At the

short ion trapping time of 1.0 ms, the most abundant

fragment ions are m/z 30 (H2C=NH2
+) for DA and EA, and

m/z 31 (H2C=OH+) for EG as shown in Figure 1. At the

longer ion trapping time, product ions having larger mass

than the molecular ion become the most abundant ions as

shown in Figures 2-4.

Proton Transfer Reactions. Relative abundances of the

fragment ions are, on the whole, decreased by increasing the

ion trapping time, while the protonated molecules, [M+H]+,

are increased. Variations of the major fragment ions, mole-

cular ion, and [M+H]+ with the ion trapping time were

plotted (Figures 5-7). The fragment ions are linearly

decreased with increase of the ion trapping time after 30, 50,

and 60 ms for DA, EA, and EG, respectively, while the

[M+H]+ becomes the most abundant ion. This is due to the

proton transfer reactions between the fragment ions and

neutral molecules. The rate constants for the proton transfer

reactions of FH+ + M → [M+H]+ + F, where FH+ denotes the

fragment ion, were obtained from the experimental results in

Figures 5-7.

Rate constants for the proton transfer reactions were

calculated after 30, 50, and 60 ms of the ion trapping times

Figure 1. Electron ionization mass spectra of ethylenediamine (a),
ethanolamine (b), and ethylene glycol (c) at the electron ionization
energy of 70 eV and the ion trapping time of 1 ms. The pressures
are about 3.0 × 10−6 Torr.

Figure 2. Electron ionization mass spectra of ethylenediamine at
70 eV of the electron ionization energy. The sample pressures and
ion trapping times are 3.0 × 10−6 Torr and 50 ms (a) 4.0 × 10−6 Torr
and 10 s (b).

Figure 3. Electron ionization mass spectra of ethanolamine at 70
eV of the electron ionization energy. The sample pressures and ion
trapping times are 3.0 × 10−6 Torr and 50 ms (a) 4.0 × 10−6 Torr and
10 s (b).
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for DA, EA, and EG, respectively. Relative ion abundances

of the fragment ions were calculated by comparing the most

abundant ion, [M+H]+. Let the relative ion abundance of the

[M+H]+ be 1.00. The relative ion abundances of the FH+s

decrease linearly. Since the relative ion abundances of NH4
+

Figure 4. Electron ionization mass spectra of ethylene glycol at 70
eV of the electron ionization energy. The sample pressures and ion
trapping times are 3.0 × 10−6 Torr and 50 ms (a) 4.0 × 10−6 Torr and
10 s (b).

Figure 5. Temporal variation of the ion abundances of ethylene-
diamine. The electron ionization energy of 70 eV and the sample
pressure is about 3.0 × 10−6 Torr.

Figure 6. Temporal variation of the ion abundances of ethanol-
amine. The electron ionization energy of 70 eV and the sample
pressure is about 3.0 × 10−6 Torr.

Figure 7. Temporal variation of the ion abundances of ethylene
glycol. The electron ionization energy of 70 eV and the sample
pressure is about 3.0 × 10−6 Torr.
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and H3O
+ for EA were too small (less than 0.003), the

temporal variations for NH4
+ and H3O

+ were not plotted in

Figure 6. The proton transfer reactions of EA are faster than

or almost equal to those of DA and EG as listed in Table 1.

This tendency is well consistent with the heats of reaction

for the proton transfer reactions as shown in Table 2. The

heats of reaction for the proton transfer reactions of EA are

lower than those of DA and EG. All the proton transfer

reactions between the fragment ions and neutral molecules

are exothermic.

For DA and EA, the rate constants of the fragment ions

containing a nitrogen atom are consistent with the calculated

heats of reaction. When the proton transfer reaction is more

exothermic, it becomes faster. Among the proton transfer

reactions of the fragment ions containing a nitrogen atom,

the fastest one is the reaction of HC≡NH+ while the slowest

one is that of C2H6N
+. The rate constants of the fragment

ions containing an oxygen atom of EA are relatively

consistent with the heats of reaction. However, the rate

constants of C2H5O
+ and C2H3O

+ are not consistent with the

heats of reaction. This disagreement suggests that there are

two or more possible structures of C2H3O
+. The C2H3O

+ can

have a cyclic or linear structure. The cyclic CH2CH=O+ (ΔHf

= 1226 kJ/mol)19 is less stable than the linear CH3C≡O+

(ΔHf = 657 kJ/mol). The heat of reaction for the proton

transfer reaction of the cyclic CH2CH=O+ will be much

lower than that of the linear structure when the neutral form

is the same. The exact heat of reaction for the proton transfer

reaction of the cyclic CH2CH=O+ of EA can not be deter-

mined because of the unclearness of the structure of counter

neutral molecule. Thus, both the cyclic CH2CH=O+ and

linear CH3C≡O+ are considered as structures of C2H3O
+.

Ion-Molecule Reactions between H2C=NH2
+
 or

H2C=OH
+
 and Neutral Molecule. Product ions with m/z

larger than the molecular ion are generated by ion-molecule

reactions between the fragment ions (or other product ions)

and neutral molecules. Mass spectra in Figures 2-4 show the

product ions with m/z larger than the molecular ion such as

[M+H]+, [M+13]+, [M+15]+, [M+27]+, and [2M+H]+.

The most abundant fragment ion, H2C=NH2
+ or

H2C=OH+, can react with a neutral molecule in the ICR cell

to generate the product ions with m/z larger than the

molecular ion. There are two paths for the ion-molecule

reactions between H2C=NH2
+ or H2C=OH+ and neutral

molecules. The first one is the proton transfer reaction

discussed above, which was exothermic. The [M+H]+ peaks

(m/z 61, 62, and 63 for DA, EA, and EG, respectively) were

observed through the long ranges of the ion trapping time.

Figures 2-4 show the [M+H]+ peaks at 50 ms and 10 s of the

ion trapping time. The second one is the formation of

[M+13]+ by loss of NH3 or H2O from the ion complex of a

neutral molecule and H2C=NH2
+ or H2C=OH+.

The H2C=NH2
+ reacts with a neutral DA to form an ion

complex of [H2NCH2CH2NH2…H2C=NH2]
+ as shown in

Scheme 1. The complex is rearranged to H2NCH2CH2NH-

CH2NH3
+, and H2NCH2CH2NH=CH2

+ is formed by loss of

NH3. The formations of [M+13]+ are exothermic except that

of H2NCH2CH2O=CH2
+ formed from the ion complex of

H2C=NH2
+ and EA as listed in Table 3. The [M+13]+ ions

(m/z 73, 74, and 75 for DA, EA, and EG, respectively) were

Table 1. Rate constants for the proton transfer reactions, FH+ + M
→ F + [M+H]+*

Fragment 

ion

k (× 10−10 cm3⋅molecule−1⋅s−1)

H2NCH2CH2NH2 HOCH2CH2NH2 HOCH2CH2OH

Molecular ion 2.67 3.22 3.65

C2H6N
+ 1.58 1.56 −

C2H4N
+ 3.27 3.43 −

CH4N
+ 2.58 2.70 −

CH2N
+ 3.33 3.84 −

NH4
+ 2.75 3.12 −

C2H5O
+ − 1.66 1.88

C2H3O
+ − 2.91 1.82

CH3O
+ − 3.53 3.65

CHO+ − 4.26 3.23

H3O
+ − 3.74 3.02

*Rate constants were calculated from Figures 5-7.

Table 2. Heats of reaction for the proton transfer reactions, FH+ + M → F + [M+H]+. Values in parentheses are heats of formation in kJ/mol*

Fragment ion

(ΔHf)

Neutral molecule

(ΔHf)

ΔH (kJ/mol)

H2NCH2CH2NH2 HOCH2CH2NH2 HOCH2CH2OH

cyclic CH2CH2NH2
+ (755) cyclic CH2CH2NH (127) −40 −48 −

CH3C≡NH+ (835) CH3C≡N (74) −173 −181 −
H2C=NH2

+ (745) H2C=NH (78) −79 −87 −
HC≡NH+ (955) HC≡N (135) −232 −240 −

NH4
+ (630) NH3 (-46) −88 −96 −

cyclic CH2CH2OH+ (691) cyclic CH2CH2O (-53) − −164 −47

CH3C≡O+ (657) H2C=C=O (-48) − −125 −8

H2C=OH+ (703) H2C=O (-109) − −232 −115

HC≡O+ (828) C≡O (-111) − −359 −242

H3O
+ (591) H2O (-242) − −253 −136

*Heats of formation for the neutral molecules were obtained from reference 17. Heats of formation for H2NCH2CH2NH2, HOCH2CH2NH2, and
HOCH2CH2OH are –18, −202, and –389 kJ/mol, respectively, while those for H2NCH2CH2NH3

+, HOCH2CH2NH3
+, and HOCH2CH2OH2

+ are 570, 378,
and 308 kJ/mol, respectively. 
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observed within 1.0 s of the ion trapping time as shown in

Figures 2(a), 3(a), and 4(a), respectively. For EA, the

formations of product ions with a cationic site on oxygen are

endothermic while those on nitrogen are exothermic as listed

in Table 3. Therefore, we can say that the [M+13]+ ion

formed from the reaction of H2C=NH2
+ with EA is HOCH2-

CH2NH=CH2
+ not H2NCH2CH2O=CH2

+.

Ion-Molecule Reactions between Protonated Molecule

and Neutral Molecule. By increasing the ion trapping time,

the fragment ions are significantly decreased by the proton

transfer reactions and the mass spectra are composed of ions

with m/z larger than the molecular ion. Protonated molecule

generated by the proton transfer reactions can react with a

neutral molecule to generate product ions with m/z larger

than the [M+H]+. Ions with m/z larger than the protonated

molecule are [M+15]+, [M+27]+, and [2M+H]+ at the ion

trapping time of 10.0 s as shown in Figures 2(b), 3(b), and

4(b). The protonated dimer, [2M+H]+, is more abundant than

the [M+15]+ and [M+27]+. This implies that the formation of

[2M+H]+ is more favorable than those of [M+15]+ and

[M+27]+.

The [M+15]+ and [M+27]+ ions were only observed after

the ion trapping time which the protonated molecule

becomes the most abundant ion. For DA and EA, the

[M+15]+ and [M+27]+ were observed at longer ion trapping

time than 1.0 s. For EG, the [M+27]+ ion was observed at

longer ion trapping time than 100 ms but the [M+15]+ ion

was not observed overall ion trapping time. The [M+15]+

and [M+27]+ are formed by the ion-molecule reactions of

the protonated molecule with a neutral molecule and loss of

neutral molecules such as NH3 (or H2O) + H2C=NH (or

H2C=O) and 2NH3 (or 2H2O), respectively. Mechanisms for

the ion-molecule reactions to form [M+15]+ and [M+27]+ of

DA are shown in Scheme 2. There are two paths for the

reactions of protonated DA with neutral DA. The first one is

the formation of H2NCH2CH2NH2CH3
+, [M+15]+, generated

by rearranging and losing NH3 and H2C=NH. The other one

is the formation of H2NCH2CH2NH=CHCH3
+, [M+27]+,

generated by rearrangement and loss of two NH3.

The formations of [M+27]+ are exothermic while those of

[M+15]+ are endothermic as listed in Table 4. The experi-

mental results show that the [M+27]+ are more abundant

than the [M+15]+ as shown in Figures 2(b), 3(b), and 4(b).

Scheme 1. Formation of [M+13]+ by ion-molecule reaction.

Table 3. Heats of reaction for the ion-molecule reactions of
H2C=NH2

+ or H2C=OH+ with a neutral molecule. Values in
parentheses are heats of formation in kJ/mol*

Reaction ΔH (kJ/mol)

H2C=NH2
+ (745) + H2NCH2CH2NH2 (−18)

→ H2NCH2CH2NH=CH2
+ (686) + NH3 (−46) −87

→ H2NCH2CH2NH3
+ (570) + H2C=NH (78) −79

H2C=NH2
+ (745) + H2NCH2CH2OH (−202)

→ HOCH2CH2NH=CH2
+ (492) + NH3 (−46) −97

→ H2NCH2CH2O=CH2
+ (627) + NH3 (−46) 38

→ HOCH2CH2NH3
+ (378) + H2C=NH (78) −87

H2C=OH+ (703) + HOCH2CH2OH (-389)

→ HOCH2CH2O=CH2
+ (409) + H2O (−242) −147

→ HOCH2CH2OH2
+ (308) + H2C=O (−109) −115

*

Heats of formation for the neutral molecules were obtained from

reference 17.

Scheme 2. Formation of [M+15]+ and [M+27]+ by ion-molecule
reaction.

Table 4. Heats of reaction for the ion-molecule reactions of
protonated molecule with neutral molecule. Values in parentheses
are heats of formation in kJ/mol*

Reaction ΔH

(kJ/mol)

H2NCH2CH2NH3
+ (570) + H2NCH2CH2NH2 (−18)

→ H2NCH2CH2NH2CH3
+ (576) + NH3 (−46) 

+ H2C=NH (78)

56

→ H2NCH2CH2NH=CHCH3
+ (570) + 2NH3 (−46) −20

HOCH2CH2NH3
+ (378) + H2NCH2CH2OH (−202)

→ HOCH2CH2NH2CH3
+ (381) + NH3 (−46) 

+ H2C=O (−109)

50

→ HOCH2CH2NH=CHCH3
+ (430) + NH3 (−46) 

+ H2O (−242)

−34

HOCH2CH2OH2
+ (308) + HOCH2CH2OH (−389)

→ HOCH2CH2OHCH3
+ (321) + H2O (−242)

+ H2C=O (−109)

51

→ HOCH2CH2O=CHCH3
+ (355) + 2H2O (−242) −48

*

Heats of formation for the neutral molecules were obtained from

reference 17.
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Differences in the heats of reaction between [M+27]+ and

[M+15]+ are 76, 84, and 99 kJ/mol for DA, EA, and EG,

respectively, as listed in Table 4. The [M+15]+ was not

observed in the EG mass spectrum as shown in Figure 4(b).

This may be due to the big difference in the heats of reaction

between [M+27]+ and [M+15]+ (99 kJ/mol).

Conclusion

The [M+H]+ was the most abundant ion in mass spectra

after the ion trapping times of 30, 50, and 60 ms for

ethylenediamine, ethanolamine, and ethylene glycol, respec-

tively. Rate constants for the proton transfer reactions bet-

ween the fragment ions and neutral molecules were obtained

from the temporal variation of the ion abundances. The

fastest reactions of proton transfer reactions were the

reactions of CH2N
+, CHO+, and CH3O

+ for ethylenediamine,

ethanolamine, and ethylene glycol, respectively. Product

ions with m/z larger than the protonated molecule were

[M+13]+, [M+15]+, [M+27]+, and [2M+H]+. The [M+13]+

was formed by the ion-molecule reaction between

H2C=NH2
+ or H2C=OH+ and neutral molecule, which

formed from ion complex such as [M+H2C=NH2]
+ or

[M+H2C=OH]+ by rearrangement and loss of NH3 or H2O.

The [M+15]+, [M+27]+, and [2M+H]+ were formed by the

ion-molecule reaction between protonated molecule and

neutral molecule. The [M+15]+ and [M+27]+ were formed

from [2M+H]+ by rearrangement and loss of NH3, H2O,

H2C=NH, or H2C=O.
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