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Fragmentations and proton transfer reactions of mono-, di-, and triethanolamines were studied using FTMS. It 
was found that the most abundant fragment ion was [M-CH2OH]+. The [M-CH2OH-H2O]+ was observed in 
the mass spectra of diethanolamine and triethanolamine. By increasing the ion trapping time in the ICR cell, 
the [M+H]+ and [M+H-H2O]+ ions were notably increased for all the samples while the [M+H-2H2。]* was 
observed in the mass spectra of diethanolamine and triethanolamine. The proton transfer reactions between the 
fragment ions and neutral molecules occurred predominantly by increasing the ion trapping time. The rate 
constants for the proton transfer reactions were calculated from experimental results. The proton transfer 
reaction of CHO+ was the fastest one, which is consistent with the heats of reaction. The rate constants for 
proton transfer reactions of triethanolamine were much slower than those of ethanolamine and diethanolamine 
because of the steric hindered structure of triethanolamine. The plausible structures of observed ions and heats 
of reaction for proton transfer were calculated with AM1 semiempirical method.
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Introduction

Fourier transform mass spectrometer is a relatively new 
type of instrument, which has its origins in the omegatron1 
and the ion cyclotron resonance (ICR) spectrometer.2 The 
transition to FTMS required developments of a trapped ion 
cell, first introduced to the ICR community by McIver,3 and 
of methods to excite rapidly and detect simultaneously all 
the ions. The first FT mass spectrometer was demonstrated 
by Comisarow and Marshall.4 Fourier transform mass 
spectrometry (FTMS) has been widely used to study gas 
phase chemistry.5-9 Its capability of both trapping ions and 
high resolution mass analysis has motivated researchers to 
utilize FTMS as one of the premier methods for exploring 
gas phase ion-molecule chemistry.

Molecular ions with specific functional group undergo 
typical fragmentation patterns which are used to obtain 
structural information.10-20 For example, the electron impact 
(EI) mass spectra of alcohols and ethers show prominent 
ions of general formula, CnH2nO+*.10,11 Ionized alcohols are 
fragmented and rearranged by loss of a water molecule.12,13 
Fragmentations of bifunctional molecular ions having 
general formula of X-R-Y have been investigated.14-18 Blanc 
and coworkers10 studied the formation of ring structure by 
rearrangement of aliphatic diols having general formula of 
HO(CH)nOH with n = 2-11. Audier and coworkers15 
investigated fragmentations of X(CH2)nY+： where X and Y 
= NH2, SH or OH, and elimination reactions of XH from its 
protonated molecule. Fragmentations of molecular ions of 
amino alcohols, having general formula of HO-R-NH2, were 
also studied by several groups.16-18 Bensimon and cowork­

ers16 studied fragmentation of protonated ethanolamine, 
while Houriet and coworkers17 studied protonation and 
dehydration of Q-amino alcohols. Eichmann and Brodbelt18 
studied dehydration and deammoniation of protonated 
H2N(CH2)nOH with n = 2-6] and reported that protonation at 
amine site is more favorable than at hydroxyl site.

Ethanolamine (HOCH2CH2NH2) has two different func­
tional groups of hydroxyl and amine which have high proton 
affinities. Diethanolamine (HN(CH2CH2OH)2) and tri­
ethanolamine (N(CH2CH2OH)3) are derivatives of ethanol­
amine and hindered by the increased CH2CH2OH group. 
Protonations at amine and hydroxyl sites are competition 
reactions. In the present work, we studied variation of the 
formation of protonated molecule with the number of 
CH2CH2OH group. Proton transfer reactions between the 
fragment ions and neutral molecules were also investigated. 
Relations of the rate constants for proton transfer reactions 
with heats of reaction were investigated.

Experiment지 Section

All the experiments were carried out in 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 
cells are 2 inch cubic and a conductance limit is shared 
between the two cells. The nominal value of background 
pressure measured with nude ion gauge was lower than 1 x 
10-8 Torr. Samples were introduced into the cell through a 
leak valve or heated batch inlet depending on the desired 
experiment. A general pulse sequence employed to trap 
mass selected ions and to monitor fragments is depicted in
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Figure 1. The pulse sequence of FTMS. Q is the quench pulse, I is 
the ionization pulse by electron ionization, S1 and S2 are the first 
and second SWIFT pulses, respectively, E is the excitation, and D 
is the detection period. T1 is the decomposition time of the 
precursor ions in S1.

Figure 1. After the electron ionization, first SWIFT21,22 pulse 
(S1) is followed to eject all fragments except the interest 
precursor ion. The second SWIFT pulse (S2) is performed to 
trap the precursor ion and primary fragment ions. The 
excitation pulse is varied to observe fragmentation patterns. 
The precursor ions in the S1 are decomposed into smaller 
ions during the T1. In this study, the S2 pulse was not 
applied.

Ethanolamine, diethanolamine, and triethanolamine pur­
chased from Aldrich Co. were used without further 
purification. Heats of reaction for the fragmentations and 
proton transfer reactions were calculated using the heats of 
formations of ions, neutral molecules, and radicals. The 
heats of formation of neutral molecules and radicals were 
obtained from the literature23 except those of the neutral 
molecules of ethanolamine, diethanolamine, and triethanol­
amine. The heats of formation of observed ions were 
calculated by AM1 semiempirical method.24 Calculational 
results for the heats of reaction were used to elucidate the 
fragmentations and proton transfer reactions.

Results and Discussion

H2NCH2CH2OH HN(CH2CH2OH)2 N(CH2CH2OH)3

MEA DEA TEA

Fragmentation of Molecular Ion. Mass spectra obtained 
at the short ion trapping time of 1 ms show the various 
fragment ions (Figure 2). The most abundant fragment ions 
are m/z 30, 74, and 118 for MEA, DEA, and TEA, 
respectively. The [M-CH2OH]+ can be formed by a direct 
dissociation of C-C bond from the molecular ion. Of the 
fragmentations of the molecular ion, the formation of [M- 
CH2OH]+ is the most favorable one as listed Tables 1-3. 
Heats of reaction for the fragmentations were summarized in 
Tables 1, 2, and 3 for MEA, DEA, and TEA, respectively.

Fragment ions such as CH2N+, CHO+, CH4N+, CH3O+,
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Figure 2. Electron impact ionization mass spectra of ethanolamine 
(a), diethanolamine (b), and triethanolamine (c) at the electron 
impact energy of 70 eV and the ion trapping time of 1 ms. The 
sample pressures are 1.9 x 10-6, 2.5 x 10-6, and 1.2 x 10-6 Torr for 
ethanolamine, diethanolamine, and triethanolamine, respectively.

C2H4N+, C2H3O+, C2H6N+, and。2任。+ (m/z 28, 29, 30, 31, 
42, 43, 44, and 45, respectively) are generated from all the 
samples of MEA, DEA, and TEA as shown in Figure 2. For 
MEA, the CH3O+ and CH4N+ are formed by the direct 
dissociation of the same C-C bond of the molecular ion. For 
DEA and TEA, the CH3O+ is also formed by direct C-C 
bond dissociation of the molecular ion but the CH4N+ is 
formed by a secondary fragmentation not the direct bond 
dissociation of molecular ion. Relative ion intensity ratios of 
CH3O+/CH4N+ obtained from Figure 2 are MEA : DEA : 
TEA = 0.07 : 0.17 : 0.43. The formation of CH3O+ is increased 
with increasing the number of CH2CH2OH groups in the 
sample. Relative ion intensity ratios of CH2OH+/[M- 
CH2OH]+ are MEA : DEA : TEA = 0.07 : 0.01 : 0.06. This 
can be explained with the difference in heats of reaction for 
the formations of CROH* and [M-CH2OH]+. Formations of 
[M-CH2OH]+ are much more favorable than those of 
CH2OH+ by 135, 179, and 195 kJ/mo1 for MEA, DEA, and 
TEA, respectively.

The C3H6N+ (m/z 56) in the DEA mass spectrum of Figure 
2(b) is a secondary fragment ion formed by loss of H2O from 
C3H8NO+ (m/z 74). In the TEA mass spectrum of Figure 
2(c), the C5H10NO+ (m/z 100) is also a secondary fragment 
ion formed by loss of H2O from C5H12NO2+ (m/z 118).

Fragmentation of Protonated M이ecule. Protonated 
molecules, [M+H]+, are formed by the proton transfer
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Table 1. Heats of reaction for the fragmentation of ethanolamine at 298 K. Values in parentheses are heats of formation in kJ/mol*

Reaction AH (kJ/mol)
HOCHzCHNHj，(585) t HzC=OH+ (703) + HNCH^ (66) 
HOCH2CH2NW (585) t CH3OH*  (775) + HQNH (78) 
HOCHzCHNHj，(585) t c-CHzCHNW (1024) + H2O (-242) 
HOCHzCHNHj. (585) t c-CHQHNHj (755) + HO, (252)

184
268
201
422

HOCH2CH2NW (585) t HQNHJ (745) + HOCH^ (-111) 
HOCH2CH2NH2+, (585) t CH3NH2*  (820) + H2C=O (-109) 
HOCH2CH2NH2+, (585) t c-CH2CH2O+, (915)a + NH3 (-46) 
HOCHzCHNHj. (585) t c-CH2CHzOH+ (691) + HN・(386)

49 
126 
284 
492

H2NCH2CH2OHJ (510) t H2NCH2CHJ (985) + H2O (-242)
H2NCH2CH2OHJ (510) t c-CHzCHNHj (755) + H2O (-242)
H2NCH2CH2OHJ (510) t H2C=NH2+ (745) + CH3OH (-202)

233 
3 

33

HOCH2CHNH3+ (378) t HOCH2CHJ (757) + NH3 (-46)
HOCH2CHNH3+ (378) t c-CH2CHzOH+ (691) + NH3 (-46)
HOCH2CHNH3+ (378) t HzC=OH+ (703) + CH3NH2 (-23)

333
267
302

*Heats of formation for the neutral molecules and radicals were obtained from reference 23.

*Heats of formation for the neutral molecules and radicals were obtained from reference 23. aDatum obtained fom J. Am. Chem. Soc. 1987, 109, 7579.

Table 2. Heats of reaction for the fragmentation of diethanolamine at 298 K. Values in parentheses are heats of formation in kJ/mol*

Reaction AH (kJ/mol)

(HOCH2CH2)2NH+, (320) t HOCH2CHNH=CH2+ (492) + HOCHf (-111) 61

(HOCH2CH2)2NH+，(320) t H2C=OH+ (703) + HOCH2CH2NHCHF (-143)
(HOCH2CH2)2NH+，(320) t HOCHzCHNHCHzCHj (573) + HO* (252)

240
605

HOCH2CH2NHCH2CH2OHJ (256) t HOCH2CH2NHCH2CHJ (573) + H2O (-242) 75

(HOCH2CH2)2NHJ (171) t HOCH2CHNH3+ (378) + c-CHzCHzO (-53) 
(HOCHzCH^NHj (171) t HOCH2CHJ (757) + H2NCH2CH2OH (-202) 
(HOCHzCH^NHj (171) t c-CH2CH2OH+ (691) + H2NCH2CH2OH (-202)

154
384
318

HOCH2CH2NH=CHCH3+ (432) t (c-CH2CHN)=CHCH3+ (862) + H2O (-242) 188

HOCH2CH2NH=CH2+ (492) t(C-CH2CH2N)=CH2+ (919) + H2O (-242) 185

reactions between fragment ions and neutral molecules. It is 
well known that the protonation at amine site is more 
favorable than that at hydroxyl site of aminoalcohols.18 
Protonated molecules with cationic sites on nitrogen are 
more stable than those on oxygen by 132, 85, and 79 kJ/mol 
for MEA, DEA, and TEA, respectively as listed in Tables 1­
3. The typical fragment ion formed from protonated 
molecule is [M+H-H?。]* generated by dehydration of 
[M+H]+. Figure 3 shows [M+H-H2O]+ of m/z 44, 88, and 
132 for MEA, DEA, and TEA, respectively. The ions of m/z 
44, 88, and 132 can be also generated from the molecular 
ions by loss of OH. However, the ions were detected by trace 
at short ion trapping time as shown in Figure 2, while they 
became one of the major product ions at long ion trapping 
time as shown in Figure 3. This implies that the ions of m/z 
44, 88, and 132 at long ion trapping time are [M+H-H2O]+ 

generated from [M+H]+ by dehydration since the internal 
energy in the molecular ion is reduced by increasing the ion 
trapping time. Besides dehydration from the protonated 
MEA, deammoniation can occur. The formation of C2H&N+ 
(m/z 44) by dehydration is more favorable than that of 
C2H5O+ (m/z 45) by deammoniation from protonated MEA 
by above 200 kJ/mol as listed in Table 1.

The protonated DEA can have two structures with the 
protonating site, HOCH2CH2HNCH2CH2OH2+ and 
(HOCH2CH2)2NH2+. The C4H10NO+ (m/z 88) is formed 
from HOCH2CH2HNCH2CH2OH2+ by loss of H2O while the 
C2H5O+ (m/z 45) and C2H8NO+ (m/z 62) are generated from 
(HOCH2CH2)NH2+ by loss of HOCH2CH2NH2 and C2H4O 
neutral molecules, respectively. The formation of C4H10NO+ 
is more favorable than those of C2H8NO+ and C2H5O+ by 79 
and 309 kJ/mol, respectively, as listed in Table 2, which is
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Table 3. Heats of reaction for the fragmentation of triethanolamine at 298 K. Values in parentheses are heats of formation in kJ/mol*

*Heats of formation for the neutral molecules and radicals were obtained from reference 23.

Reaction AH (kJ/mol)

(HOCH2CH2)3N+・ (116) — (HOCH2CH2)2N=CH2+ (312) + HOCH2* (-111) 85

(HOCH2CH2)3N+・ (116) — H2C=OH+ (703) + (HOCH2CH2)2NCH2・ (-307) 280

(HOCH2CH2)2NCH2CH2OH2+ (58) — (HOCH2CH2)2NCH2CH2+ (375) + H2O (-242) 75

(HOCH2CH2)3NH+ (-21) — (HOCH2CH2)2NH2+ (171) + C-CH2CH2O (-53) 139
(HOCH2CH2)3NH+ (-21) — HOCH2CH2+ (757) + (HOCHzCHz^NH (-443) 335
(HOCH2CH2)3NH+ (-21) — c-CH2CH2OH+ (691) + (HOCHzCHz^NH (-443) 269

(HOCH2CH2)2N=CHCH「(214) — (c-CH2CH2OCH2CH2N)=CHCH「(502) + H2O (-242) 46

(HOCH2CH2)2N=CH2+ (312) — (c-CH2CH2OCH2CH2N)=CH2+ (557) + H2O (-242) 3
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Figure 3. Electron impact ionization mass spectra of ethanolamine 
(a), diethanolamine (b), and triethanolamine (c) at the electron 
impact energy of 70 eV. The ion trapping times/sample pressures 
are 50 ms/2.4 x 10-6 Torr, 40 ms/1.5 x 10-6 Torr, and 900 ms/1.2 x 
10-6 Torr for ethanolamine, diethanolamine, and triethanolamine, 
respectively.

correspondent with the experimental results as shown in 
Figure 3(b). The relative abundances of C4H1°NO+, CzHNO*, 
and。2压0+ are 2.64, trace, and 14.94%, respectively.

For TEA, typical fragment ions formed from the protonat­
ed molecule are C6HmNO2+ (m/z 132) and C4HdNO2+ (m/z 
106). The C6H14NO2+ is generated from (HOCH2CH2)2- 
NCH2CH2OH2+ by loss of H2O while the C4H12NO2+ is
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Figure 4. Temporal variation of the ion abundance for the 
fragmentation of ethanolamine at 70 eV of the electron impact 
energy and 2.4 x 10-6 of the sample pressure. All fragment ions are 
significantly decreases at 50 ms of the ion trapping time.

formed from (HOCH2CH2)3NH+ by loss of C2H4O neutral 
molecule as demonstrated in Table 3. The C4HdNO2+ is a 
protonated DEA. Thus, fragment ions formed from the 
protonated DEA can be also generated from the protonated 
TEA. The C4H1°NO+, C2H6N+, and。2压。+ are also observ­
ed in the mass spectra of TEA as shown in Figure 3(c).

Proton Transfer Reactions between Fragment Ions and 
Neutral Molecules. In the short ion trapping time of 1 ms, 
the [M-CH2OH]+ is the most abundant ion in the mass 
spectra as shown in Figure 2. By increasing the ion trapping
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Figure 5. Temporal variation of the C1 and C2 ion abundance for 
the fragmentation of diethanolamine at 70 eV of the electron 
impact energy and 1.5 x 10-6 of the sample pressure. All fragment 
ions are significantly decreases at 20 ms of the ion trapping time.

time, proton transfer reactions between fragment ions and 
neutral molecules occur. In the long ion trapping time of 50 
ms, the protonated molecules are the most abundant ion in 
the mass spectra as shown in Figure 3.

By increasing the ion trapping time, the internal energy 
with product ions are reduced and it is hard to occur further 
dissociations of the product ion. The ion-molecule reactions, 
especially proton transfer reactions, occur during ions are 
trapped in the ICR cell. We investigated the proton transfer 
reactions between product ions and neutrals depending on 
the ion trapping time. The experimental results for proton 
transfer reactions are summarized in Figures 4-8.

Figure 4 is a temporal variation of the ion abundances for 
fragment ions of MEA, which shows that the relative ion 
abundances of all fragments are reduced after 50 ms of the 
ion trapping time. The ion trapping time is 50 ms when the 
[M+H]+ becomes the most abundant ion. Figure 5 is a 
temporal variation of the ion abundances for fragment ions 
of C1 and C2 species of DEA, which shows that the relative 
ion abundances of all fragments are reduced after 20 ms of 
the ion trapping time. Fragment ions of C3 and C4 species are 
also reduced after 20 ms of the ion trapping time as shown in 
Figure 6. The ion trapping time is 20 ms when the [M+H]+ 
becomes the most abundant ion. For TEA, as similar to 
DEA, after the ion trapping time of 900 ms the relative ion 
abundances of all fragment ions are reduced while the

C3H8NO+

c3h6n+

C4Hi0NO+
Tsr——A 

c4h8n+

10 20 30 40 50
Trapping Time (ms)

Figure 6. Temporal variation of the C3 and C4 ion abundance for 
the fragmentation of diethanolamine at 70 eV of the electron 
impact energy and 1.5 x 10-6 of the sample pressure. All fragment 
ions are significantly decreases at 20 ms of the ion trapping time.
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Figure 7. Temporal variation of the Ci and C2 ion abundance for 
the fragmentation of tiiethanolamine at 70 eV of the electron 
impact energy and 1.2 x 10-6 of the sample pressure. All fragment 
ions are significantly decreases at 700 ms of the ion trapping time.
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Figure 8. Temporal variation of the C3-C8 ion abundance for the 
fragmentation of tiiethanolamine at 70 eV of the electron impact 
energy and 1.2 x 10-6 of the sample pressure. All fragment ions are 
significantly decreases at 700 ms of the ion trapping time.

[M+H]+ become the most abundant ion as shown in Figures 
7 and 8.

Heats of reaction for the proton transfer reactions of C1 

and C2 species are listed in Table 4. All of the proton transfer 
reactions except for C2H&N+ of TEA are exothermic as 
shown in Table 4. Rate constants are calculated for the ion 
trapping times of 50-100, 20-50, and 900-1400 ms for 
MEA, DEA, and TEA, respectively, as shown in Figures 4- 
8. Rate constants obtained from the experimental results are

aIts value obtained from the ion trapping time within 200 ms. bIt was hard 
to determine the rate constant of C6H12NO+ from Figure 8.

Table 5. Rate constants for the proton transfer reactions

Fragment k (x10-10 cm3/molecule-s)
ion HOCH2CH2NH2 (HOCH2CH2)2NH (HOCH2CH2)3N

CH2N+ 3.84 5.56 0.52
CH4N+ 2.70 5.00 0.57
C2H4N+ 3.43 4.17 0.50
C2H6N+ 1.56 4.26 0.56

CHO+ 4.26 6.67 1.15a
CH。 3.53 5.63 0.71
C2H3O+ 2.91 5.83 0.51
C2H5O+ 1.66 4.17 0.46

C3H6N+ 2.87 0.44
C4H8N+ 0.83 0.29
C3H8NO+ 3.87 0.48
C4H10NO+ 1.30 0.31

C4H12NO2+ 0.14
C6H12NO+ b

C5H12NO2+ 0.21
C6H14NO2+ 0.14

listed in Table 5. Since, for TEA, the CHO+ is not observed 
after 300 ms of the ion trapping time, the rate constant for 
CHO+ of TEA is determined for the ion trapping time within 
200 ms. Among the proton transfer reactions, the fastest one 
is the reaction of CHO+.

The numbers of proton-accepting site (sum of nitrogen 
and oxygen atoms) are 2, 3, and 4 for MEA, DEA, and 
TEA, respectively. The rate constant for proton transfer 
reaction of DEA with three proton-accepting sites is faster 
than that of MEA with two proton-accepting sites. However, 
the rate constant of TEA with four proton-accepting sites is 
much slower than those of MEA and DEA. This can be 

Table 4. Heats of reaction for the proton transfer reactions at 298 K. Values in parentheses are heats of formation in kJ/mol.* Protonated 
molecules are used one with the cationic site on nitrogen atom

Fragment ion (AHf) Neutral moleculea (AHf)
HOCH2CH2NH2

AH (kJ/mol) 
(HOCH2CH2)2NH (HOCH2CH2)3N

c-CH2CH2NH2+ (755) C-CH2CH2NH (127) -48 -14 2
CHKH=NH2+ (665) CH3CH=NH (8) -77 -43 -27

CH3C 三NH+ (835) CH3C 三N (74) -181 -147 -131
H2C=NH2+ (745) H2C=NH (78) -87 -53 -37
HC 三NH+ (955) HC 三N (135) -240 -206 -190

c-CH2CH2OH+ (691) c-CH2CH2O (-53) -164 -130 -114
CH3CH=OH+ (583) CHKH=O (-166) -169 -135 -119

CH3C 三 O+ (657) H2C=CO (-48) -125 -91 -75
H2C=OH+ (703) H2C=O (-109) -232 -198 -182

HC 三 O+ (828) CO (-111) -359 -325 -309
*Heats of formation HOCH2CH2NH2/HOCH2CHNH3+, (HOCH2CH2)2NH/(HOCH2CH2)2NH2+, and (HOCH2CH2)3N/(HOCHzCH2)3NH+ are 202/378, 
-443/171, and 651/-21 kJ/mol, respectively. aHeats of formation for the neutral molecules were obtained from reference 23.
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explained with the type of protonated TEA. TEA has two 
protonated molecules of (HOCH2CH2)3NH+ (AHf = -21 kJ/ 
mol) and (HOCH2CH2)2NCH2CH2OH2+ (AHf = 58 kJ/mol). 
The protonated molecule of TEA with a cationic site on 
oxygen is less stable than that on nitrogen by 79 kJ/mol. 
Since the nitrogen atom of TEA is hindered by three 
CH2CH2OH groups, formation of (HOCH2CH2)3NH+ by the 
proton transfer reactions will be prevented by the 
CH2CH2OH groups. Because of these reasons, the rate 
constant for proton transfer of TEA is much slower than 
those of MEA and DEA although TEA has more proton- 
accept sites than MEA and DEA.

Conclusion

The most abundant fragment ion was [M-CH2OH]+ of the 
fragment ions of ethanolamine, dithanolamine, and tri­
ethanolamine. For diethanolamine and triethanolamine, the 
[M-CH2OH-H2이+ was observed. The [M+H]+ and [M+H- 
H2O]+ increased notably with increase of the ion trapping 
time. The proton transfer reactions between the fragment 
ions and neutral molecules occurred at long ion trapping 
time. The proton transfer reaction of CHO+ was the fastest. 
The rate constant for proton transfer reaction of triethanol­
amine was much slower than those for ethanolamine and 
diethanolamine due to the steric hindered structure.
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