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Abstract

The chemistry of ionized 1,2-diaminoethane, [NH2CH2CH2NH2]
z1, 1z1 is studied by means of tandem mass spectrometry

techniques and molecular orbital calculations at the QCISD(T)/6-31 G*//UMP2(full)/6-31G*1 ZPE level. At low internal
energy1z1 isomerizes into the distonic ion, [NH2CHCH2NH3]

z1, 2z1 which, further, dissociates by ammonia loss. The
1,3-hydrogen migration,1z13 2z1, is the energy determining step of the fragmentation. Ions of higher internal energy rapidly
dissociate by a simple C–C bond cleavage. As confirmed by RRKM statistical calculations, this system provides a clear
example of the influence of the internal energy on the competition between rearrangement and simple bond rupture. (Int J Mass
Spectrom 179/180 (1998) 337–348) © 1998 Elsevier Science B.V.
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1. Introduction

Several studies devoted to the chemistry of ionized
1,2-ethanediol have demonstrated the lability of the
C–C bond [1–6]. Its electron impact 70 eV mass
spectrum contains essentially two peaks atm/z 31 and
m/z 33 (relative intensities 3/1) thus pointing to a
dominant C–C bond cleavage. The behaviour of the
molecular ions of low internal energy confirms this
trend: the major dissociation channel of the metasta-
ble ions is the expulsion of a formyl radical to give
protonated methanol,m/z 33. The mechanistic path-
way proposed to explain the latter process, on both
experimental and theoretical basis [5, 6], involves the

formation of ion-neutral complexes [7,8] after a
cleavage of the initial C–C bond, as depicted in a
condensed form on Scheme 1.

From a mechanistic point of view, it was of interest
to investigate the homologous diamino compounds.
The most simple model structure, 1,2-diaminoethane
1, a priori exhibits close similarities with 1,2-
ethanediol. Its neutral and ionized forms may support
an internal hydrogen bond, thus favouring the forma-
tion of intermediate complexes such as those pre-
sented on Scheme 1. In addition, its conventional
mass spectrum (electron ionization, 70 eV) is domi-
nated by a peak atm/z 30 corresponding to
[CH2NH2]

1 ions probably resulting from a direct
C–C bond cleavage.

In the present study, we report on the behaviour of
ions 1z1 as studied by tandem mass spectrometry
based techniques and high level ab initio molecular
orbital calculations. RRKM statistical calculations
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have also been performed in order to understand the
differences in behaviour of ions1z1 of low or high
internal energy.

2. Experimental and computational

The experiments were performed with the McMas-
ter University VG Analytical (Manchester, UK)
ZAB-R instrument of BE1E2 geometry (B, magnet; E,
electric sector) using an accelerating voltage of 10
keV. Metastable ions (MI) mass spectra correspond to
dissociations occuring in the second field free region
(2ffr); collision induced dissociation (CID) mass
spectra were recorded using oxygen as collision gas
(transmittance, 70%). The CID mass spectra of the
2ffr metastable ions were obtained after collisions
occuring in the 3ffr and scanning E2.

Standard ab initio calculations were carried out
using the Gaussian-94 series of programs [9]. Ini-
tially, the geometries of the different neutral and
protonated species investigated were optimized at the
UHF/6-31G* level. These geometries were then re-
fined at the UMP2(full)/6-31G* level to take explic-
itly into account the effects of electron correlation.
The corresponding harmonic vibrational frequencies
were calculated at the same level of theory as that
used for the geometry optimizations. This allowed us
to verify that the stationary points found were local
minima or transition structures of the potential energy
surface and to calculate the zero point energy (ZPE)
of the species considered. ZPEs calculated at the
UMP2(full)/6-31G* level were scaled by the empiri-
cal factor of 0.966 proposed by Scott and Radom [10].
The UMP2(full)/6-31G* geometries were then uti-
lized in single-point electronic energy calculations
with the quadratic configuration interaction method.
Thus our best estimates of relative energies given

hereafter refer to QCISD(T)/6-31 G*//UMP2(full)/6-
31G* total energies and include zero-point energy
corrections.

3. Results and discussion

3.1. Experiment

As indicated before, the conventional mass spec-
trum of 1,2-diaminoethane,1, presents a dominant
signal atm/z 30, corresponding to [CH2NH2]

1 ions
likely originating from a simple C–C bond rupture.
By contrast, the mass analyzed ion kinetic energy
(MIKE) spectrum of1z1 [Fig. 1(a)] exhibits a single
peak atm/z 43, associated to the loss of a molecule of
ammonia. Analysis of the metastable peak shape [11]
reveals a Gaussian profile associated with a relatively
large release of translational energy,T0,5 5 35 6 3
meV (3.5 kJ/mol) andTaver. 5 130 6 10 meV (13
kJ/mol).

Deuterium labeling provides interesting comple-
mentary data. The MIKE spectrum of the isotopo-
logue [NH2CD2CD2NH2]

z1, 1a (Fig. 1(b) contains
two peaks atm/z 46 (1az12NH2D, 80% etm/z 47
(1az12NH3, 20%). Thus one of the hydrogen atoms
of the two methylene groups partly participates in the
ammonia loss. For both peaks theT0,5 and Taver.

values are equal to those observed for the undeuter-
ated ion. This suggests that only one mechanism is
operating in the elimination of ammonia, and that the
two signals observed on the MIKE spectrum of1az1 are
due to an initial hydrogen/deuterium exchange.

The CID-MIKE spectrum of ions1z1 displays
intense signals atm/z 43 (70%) and m/z 30,
[CH2NH2]

1 (100%). The presence of the latter peak
indicates that a significant fraction of the stable ions
has not undergone rearrangement after 1025 s. This is

Scheme 1.
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corroborated by the observation that them/z 30 peak
is cleanly shifted tom/z 32, [CH2NH2]

1, in the MIKE
spectrum of1az1.

The structure of them/z 43 ions generated by loss
of ammonia from the metastable ion1 was established
by recording its CID-MIKE spectrum [Fig. 1(c)]. This
spectrum appears to be identical with that of the
[M-C2H4]

z1 ions generated from metastable cyclobu-
tylamine molecular ion [Fig. 1(d)] and this leaves

little doubt that the product ions formed from1z1 are
ionized vinylamine, [CH2 5 CHNH2]

z1.
To summarize, the experimental data demonstrate

a clear cut situation in which the dissociating species
1z1 undergoes a direct bond cleavage at high internal
energy and a rearrangement at low internal energy.
However, in contrast with 1,2-ethanediol, the rear-
rangement does not involve the cleavage of the C–C
bond.

Fig. 1. Mass spectra of 1,2-diaminoethane, (A) MIKE of1z1; (B) MIKE of 1az1; (C) CID-MIKE of m/z 43 from metastable ions1z1; (D)
CID-MIKE of m/z 43 from cyclobutylamine metastable ions.
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3.2. Preliminary mechanistic considerations

The experimental thermochemistry relevant to the
present system is summarized in Table 1.

The heat of formation of the products of the C–C
bond cleavage, [CH2NH2]

1 1 zCH2NH2, is 904 kJ/
mol. In the assumption of no reverse activation barrier
for this process, it is expected that the products of the
ammonia loss will possess a heat of formation lower
than this value. Considering theDfH8300K value of
246 kJ/mol for ammonia, this means that the heat of
formation of the correspondingm/z 43 ion should be
lower than 950 kJ/mol. Only two structures are
compatible with this constraint: ionized vinylamine,
[CH2CHNH2]

z1 and ionized methylaminocarbene,
[CH3CNH2]

z1. Ionized aziridine, [cyclo-
CH2CH2NH] z1 can clearly be excluded because its
heat of formation is too high. Ionized acetaldimine,
[CH3CHNH]z1, lies in an intermediate situation since
its heat of formation is close to 950 kJ/mol. However,
formation of this structure would imply an extensive
rearrangement and this would render the reaction a
weak adversary, kinetically, to the direct bond cleav-
age of similar energy requirement leading to them/z
30 ions. Thus the above thermochemical arguments

reinforce our evidence from the CID-MIKE spectra
discussed above that the product ions are ionized
vinylamine, [CH2CHNH2]

z1.
Obviously, the most simple way to reach this

product is the isomerization of the molecular ion via
a 1,3-hydrogen migration,1z13 2z1, followed by the
elimination of a molecule of ammonia (Scheme 2). It
is known however, that 1,3-H atom migrations are
associated with high energy barrier. For example, a
critical energy of no less than 132 kJ/mol has been
calculated for the 1,3-hydrogen shift
[CH3CH2NH2]

z1 3 [CH2CH2NH3]
z1 [12]. 1,2- and

1,4-hydrogen migrations exhibited by the homo-
logues, [CH3NH2]

z1 and [CH3CH2CH2NH2]
z1, re-

quire 162 and 57 kJ/mol respectively [12]. Thus, other
processes involving isomeric structures3z1 and
4z1 and one or more hydrogen migration(s) may also
account for the formation of ionized vinylamine as
depicted in Scheme 2.

It may be recalled at this stage that the experimen-
tal data dictate that the critical energy for the ammo-
nia loss should be lower than that for the formation of
the [CH2NH2]

1 ions. Furthermore, hydrogen migra-
tion from a carbon to a nitrogen should be irreversible
since1az1 does not give elimination of ND2H. More-
over, the hydrogen initially coming from a methylene
group may exchange with the hydrogens bonded to
the nitrogens since1a loses NH2D and NH3 in the
ratio 80/20 (note that a statistical mixing of four H and
one D would lead to losses of NH2D and NH3 in the
ratio 60/40).

All these conditions are related to the energy levels
of the isomeric forms of1z1 and to the height of the
barriers associated with the hydrogen migrations con-
necting them. To identify the lowest energy route
among the various possibilities considered in Scheme
2, molecular orbital calculations were performed.

3.3. Molecular orbital calculations

The UMP2(full)/6-31G* optimized geometries and
the corresponding total and relative energies are
presented on Fig 2 and Table 2, respectively.

The experimentally determined enthalpy differ-

Table 1
Heats of formation (kJ mol21) of 1 and its possible dissociation
products

X DfH8300(X) Ref.

1 218 13
1z1 (812) 13
zCH2NH2 151–159 14(d)–13
1CH2NH2 745 13
zCH2NH2 1 1CH2NH2 896–904
CH2 5 NH 79 14(a)
zCH2NH3

1 841 13
CH2 5 NH 1 zCH2NH3

1 920
NCHN (283) 14(d)
CH3NH3

1 611 13
NCHN 1 CH3NH3

1 894
CH2 5 CHNH2

z1 838 14(b)
CH3CNH2

z1 (919) 14(c)
CH3CH 5 NHz1 (960) 14(c)
[aziridine]z1 1014 13
NH3 246 13
CH2 5 CHNH2

z1 1 NH3 792
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ences between the fragments [CH2 5 NH2]
1 1

zCH2NH2 and [CH2 5 CHNH2]
z1 1 NH3 (104-112

kJ/mol, Table 1) is satisfactorily reproduced by the
computation (96 kJ/mol). Similarly, a difference in
enthalpy of 84-92 kJ/mol is derived from the available
compilation of experimental data [13] between
1z1 and [CH2 5 NH2]

1 1 zCH2NH2 (Table 1, note
however that the tabulated heat of formation of1z1 is
quoted in parentheses in [13]) while the calculation
indicates 117 or 107 kJ/mol depending upon the
structure of 1z1 (the two values must be seen as
adiabatic and vertical ionisation energies respective-
ly).

3.3.1. Stable structures
At the MP2/6-31G* level of theory, two stable

structures have been located for the molecular ion
1z1. The most stable is the trans conformerA which
features an exceptionally large C–C bond (1.768 Å).
This conformer may be seen as 1,2-diaminoethane
ionized on the C–C sigma bond or as a complex
between the ion [CH2 5 NH2]

1 and the radical
z CH2NH2. The second structure,B, enjoys an internal
hydrogen bond and a NCCN dihedral angle of ca. 38°.
The latter corresponds to1 ionized on the nitrogen
atom bearing the bridging hydrogen; its energy rela-
tive to A is 10 kJ/mol. On examining the system

Scheme 2.

341G. Bouchoux et al./International Journal of Mass Spectrometry 179/180 (1998) 337–348



Fig. 2. Optimized (MP2(full)/6-31G*) stable and transition struc-
tures, selected geometrical parameters: Bond lengths in Å and bond
angles in degrees.
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further, we located minima for two ion-neutral com-
plexes involving [CH2 5 NH2]

1 and zCH2NH2. Both
structures present a favourable interaction between
hydrogen atoms of the [CH2 5 NH2]

1 ion and the
basic site provided by the nitrogen atom of the radical
moiety. The most stable form (F, Fig. 2) is 22 kJ/mol
less stable thanA. It corresponds to a proton bridge
involving one of the hydrogens of the amino group
(the more acidic hydrogens) of the [CH2 5 NH2]

1

ion. The second structure (G, Fig. 2) is ca. 40 kJ/mol
aboveF. Finally, a distonic structure (H, Fig. 2) in
which the initial arrangement of the CH2 and NH2

bonds is preserved has been located. This isomer is
comparable in energy toB.

Hydrogen migrations from1z1 may give rise to the
three distonic ions2z1, 3z1 and4z1 (E, C, D, Fig. 2).
These structures were found to be more stable than
their precursor isomerA by 38, 19 and 7 kJ/mol
respectively. Note that the most elongated C–N bond
appears in2z1, a situation which prefigures the disso-
ciation into ionized vinylamine and ammonia. During

the investigation of this latter process, we found
several minima in the potential energy surface corre-
sponding to ion/neutral complexes between [CH2 5
CHNH2]

z1 and NH3. The most stable involves inter-
action between one hydrogen of the amino group (the
most acidic) and ammonia (I , Fig. 2). Interestingly
enough, a complex in which the electron pair of the
ammonia molecule and the positively charged carbon
atom of ionized vinylamine are interacting, is found to
be stable (J, Fig. 2). The MP2/6-31G* calculation
reveals energies relative toA of 262 and24 kJ/mol
for I andJ, respectively.

3.3.2. Transition structures
Starting from1z1, 1,2-, 1,3- or 1,4-hydrogen mi-

gration toward the nitrogen of one amino group may
occur leading to4z1, 2z1 or 3z1. Calculated critical
energies with respect to1z1 in theB conformation are
equal to 163, 72 and 8 kJ/mol, respectively (Table 2).
ReactionsB 3 4z1(D) and B 3 2z1(E) are clearly
1,2- and 1,3-hydrogen atom shifts toward a cation-

Table 2
Total (Hartree) and relative (kJ mol21) energies calculated for various isomers and dissociation products of ionized 1,2-diaminoethane1z1

Species

MP2(full)/6-31G* QCISD(T)/6-31G*//MP2(full)/6-31G*

Total Relative ZPEa 1ZPE Total Relative 1ZPE

A 2189.597 86 0 288 0 2189.638 56 0 0
B 2189.584 57 35 284 31 2189.633 40 14 10
C 2189.597 44 1 290 3 2189.646 39 221 219
D 2189.596 61 3 288 3 2189.641 13 27 27
E 2189.608 73 229 291 226 2189.654 22 241 238
F 2189.576 91 55 274 41 2189.624 74 36 22
G 2189.561 18 96 276 84
H 2189.583 95 37 284 33
I 2189.599 28 24 276 216
J 2189.621 51 262 278 272
TS B/E 2189.553 89 115 273 100 2189.601 69 97 82
TS B/D 2189.524 55 192 275 179 2189.567 65 186 173
TS D/E 2189.592 32 15 277 4 2189.634 81 10 21
TS B/C 2189.580 28 46 276 34 2189.627 27 30 18
TS C/D 2189.514 78 218 277 207 2189.560 45 205 194
TS C/E 2189.529 85 179 278 169 2189.573 58 171 161
zCH2NH2 294.870 29 131 294.894 55
1CH2NH2 294.667 59 140 294.693 11
zCH2NH2 1 1CH2NH2 2189.537 88 157 271 140 2189.587 66 134 117
NH3 256.357 38 90 256.372 08
CH2 5 CHNH2 2133.220 83 181 2133.252 00
NH3 1 CH2 5 CHNH2 2189.578 21 52 271 35 2189.624 08 38 21

aZPE (corrected by a factor 0.966) in kJ mol21
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radical site. For reactionB 3 3z1(C) the migrating
species is a proton rather than an hydrogen atom. The
corresponding critical energies are in accordance with
these characteristics.

There are two other reactions of high energy
requirement: the 1,2-hydrogen atom shift3z1(C) 3
2z1(E) (critical energy5 161 kJ/mol) and the 1,3-
hydrogen atom shift3z1(C) 3 4z1(D) (critical en-
ergy5 194 kJ/mol). These processes are pure hydro-
gen atom migrations and, accordingly, these
calculated critical energies are close to that expected
for an intramolecular H atom transfer in an alkyl
radical [15].

Finally, reaction4z1(D) 3 2z1(E) is a 1,4-proton
transfer for which a low critical energy is predicted (6
kJ/mol), as it was also the case for reactionB 3
3z1(C).

3.3.3. Potential energy surface and RRKM
calculations

The present calculations demonstrate that several
of the elementary steps presented on Scheme 2 are not
allowed to occur for ions1z1 of low internal energy
dissociating by ammonia loss. By using the maximum
limit given by the energy level of the direct dissoci-
ation products [CH2 5 NH2]

1 1 zCH2NH2, reactions
1z1(B) 3 4z1(D), 3z1(C) 3 2z1(E) and 3z1(C) 3
4z1(D) must be excluded. Moreover, the 1,3-hydrogen
atom migration1z1(B) 3 2z1(E) appears to be the
energy determining step. The corresponding
QCISD(T)/6-31G*//MP2(full)/6-31G*1 ZPE poten-
tial energy profile is depicted in Fig. 3.

The predictions of the ab initio model are seen to
be in good agreement with the experimental observa-
tions. Initially, the passage above a high energy

Fig. 3. Calculated potential energy profile (QCISD(T)/6-31G*//MP2/6-31G*1 ZPE).
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barrier before ammonia loss [the 1,3-H shift1z1(B)3
2z1(E)] is attested by the relatively large kinetic
energy released during the fragmentation of metasta-
ble ions1z1 and by deuterium labeling experiments
(which demonstrate that the tranfer of one deuterium
atom from a methylene group to a nitrogen atom in
1az1 is irreversible). This is also in keeping with the
conclusion, based on CID-MIKE observations, that
most of the stable ions1z1 are non rearranged species.
The second point is the predicted reversibility of the
1,4-hydrogen migrations1z1(B) 3 3z1(C) and
4z1(D)3 2z1(E). Although the complete exchange of
the N-bonded hydrogens due to the former reaction
cannot be proved, the occurence of the latter is
attested by the competitive losses of NH3 and NH2D
from 1az1. It was observed that the mixing of H and
D atoms was not complete. This may be understood if
some of the ions2z1(E) resulting from the 1,3-H shift
1z1(B) 3 2z1(E) dissociate more readily than they
isomerize into 4z1(D). This hypothesis may be
checked by considering the corresponding rate con-
stants in the appropriate energy range. An additional
question which may be answered after estimation of
relevant unimolecular rate constants is: Why do ions
1z1 dissociate only by ammonia loss in the metastable
ion regime while the simple bond fission giving [CH2

5 NH2]
1 1 zCH2NH1 is dominant at high internal

energy?
These points may be investigated further by

RRKM calculations of unimolecular rate coefficients
[16] on the ab initio potential energy surface of Fig. 3.
These were performed using the Stein-Rabinovitch
algorithm [17] to estimate the sums, [(Pi‡(E 2 E0)]
and the densities,Nj(E), of vibrations states. The
normal mode frequencies given by molecular orbital
calculations were used in these calculations
(MP2(full)/6-31G* scaled by a factor of 0.943, tor-
sional modes were treated as low-frequency vibra-
tions. Table 3).

The direct fragmentation of the molecular ion
1z1 is associated with a single rate coefficientk1 3 5

given by:

k135 5 O P1/5‡~E 2 E01!/h.N1~E!

The use of a critical energy valueE01 5 1.11 eV
(107 kJ/mol) as indicated by the calculated QCISD(T)
energy difference between1z1(B) and the final state
5z1, leads to thek1 3 5 curve presented on Fig. 4.

The overall rate coefficient,k1 3 6, for the two
steps process1z1 % 2z1 3 6z1, is given by the
steady-state expression:

k136 5 ~k132 z k236!/~k132 1 k231 1 k236!

where theki 3 j terms represent the elementary rate
constants for thei 3 j reactions.

The highest stability of2z1 with respect to1z1 (;
kJ/mol) results in the inequalityk1 3 2 .. k2 3 1.
Further, for the same reason, any ion1z1 of internal
energyE leads to an ion2z1 of internal energyE9 5

Table 3
Vibrational frequencies (cm21) used in the RRKM calculationsa

Species 1 1/2 1/5 2 2/4 2/6

171 116 11 121 104 33
313 285 25 234 312 119
348 382 58 303 344 224
435 406 137 405 597 334
535 607 181 516 639 344
732 640 453 580 692 400
812 787 552 728 860 444
857 870 871 785 876 595
909 885 921 827 977 701
950 963 939 906 1035 778
973 1021 945 998 1054 950

1061 1027 1058 1039 1060 991
1088 1178 1114 1194 1092 1021
1131 1193 1162 1242 1111 1218
1227 1268 1301 1301 1267 1235
1281 1299 1302 1327 1315 1345
1318 1310 1411 1423 1342 1442
1350 1431 1450 1444 1454 1538
1392 1458 1538 1463 1584 1647
1418 1604 1621 1606 1604 1650
1476 1620 1699 1618 1632 1652
1628 1697 3055 1628 1818 3068
2827 2966 3057 2969 2942 3135
2961 2971 3175 3056 3005 3190
2997 3031 3177 3108 3139 3281
3004 3334 3266 3202 3260 3364
3024 3358 3345 3306 3326 3413
3340 3435 3389 3335 3336 3417
3386 3470 3445 3340 3409 3475
3427 3454

aCalculated at the MP2(full)/6-31G* level and scaled by a factor
0.9427 (see [10])
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E 1 50 kJ/mol. Thus the two rate coefficientsk1 3 2

andk23 6 which posses similar critical energies are in
the orderk13 2 ,, k23 6. This is particularly true at
low internal energy and is strengthered by the tight-
ness of the transition structure1/2 with respect to2/6.
Consequently, to a good approximation, we can con-
sider that:

k136 5 O P1/2ı~E 2 E02!/h.N1~E!

The resulting rate coefficient calculated under these
simplifications and using the critical energy values
E02 5 0.75 eV(72 kJ/mol) is presented in Fig. 4.

As indicated by the plots depicted in Fig. 4, the
calculation predicts thatk1 3 5 should be greater than
k1 3 6 at internal energies higher thanE ' 1.3 eV.
This corresponds to rate coefficient values above 1010

s21 i.e. to processes occuring in the ion source. In
contrast, at low internal energyE, k1 3 5 is smaller

than k1 3 6 and consequently the rearrangement
reaction1z1 3 6z1 predominates as experimentally
observed.

Similar calculations have been undertaken for the
two competitive rate coefficientsk2 3 4 andk2 3 6.
The internal energy dependences of the calculated rate
coefficients for these reactions are displayed in Fig. 5.
Again, one process is dominant at low internal energy,
the 1,4-hydrogen migration2z1 3 4z1, and another
reaction, the ammonia loss2z1 3 6z1, prevails at
higher energy. The ions2z1 generated from the
reaction1z13 2z1 possess at least an internal energy
E9 of 1.25 eV and Fig. 4 shows that we can reason-
ably assume that ions2z1 coming from metastable
ions 1z1 possess internal energyE9 close to 1.25 eV.
Upon examination of Figure 5, we can see that the
two rate coefficients are of similar magnitude atE9 5
1.25 eV. Assuggested above, this may explain the

Fig. 4. RRKM rate constants for ammonia loss and simple C–C bond dissociation from1z1.
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observation of a partialH/D mixing from metastable
ions 1az1 before ammonia loss.

4. Concluding remarks

The chemistry of ionized 1,2-diaminoethane,1z1 is
dominated, at low internal energy, by its isomeriza-
tion into the distonic ion2z1 and a further dissociation
by ammonia loss. The various species originating
from a C–C bond cleavage seem not to be operative in
this energy regime. Ions of higher internal energy
rapidly dissociate by a simple C–C bond cleavage.
This system provides a new example of the influence
of the internal energy on the competition between
rearrangement and simple bond rupture.
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