
Abstract. The potential energy hypersurface of proto-
nated glycine, GH+, has been investigated. The calcu-
lated G2(MP2) value for the proton a�nity (PA) of
glycine, PAcalc � 895 kJ molÿ1, is in good agreement with
the experimental value which has been estimated to lie in
the range 864 kJ molÿ1 < PAexp < 891 kJ molÿ1. Ab
initio quantum chemical calculations of relevant parts
of the potential energy surface of GH+ give a reaction
model which is consistent with the observed mass
spectrometric fragmentation pattern. The lowest energy
unimolecular reactions of GH+ are two distinct pro-
cesses: (1) loss of CO, which has a substantial barrier for
the reverse reaction, and (2) loss of CO plus H2O, which
has no barrier for the reverse reaction.
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1 Introduction

The chemistry of protonated amino acids and peptides is
attracting much attention at present [1, 2]. Protonated
peptides are routinely formed by a great variety of
ionization methods including fast atom bombardment
[3] laser desorption [4], electrospray [5], chemical ion-
ization [6] and plasma desorption [7]. Determination of
the mass-to-charge ratio �m=z� of the MH+ ions so
formed gives important molecular weight information.
In addition to this a lot of information about the
structure of peptides can be gained by consideration of
their mass spectral fragmentation patterns. Both the
identity of the amino acids that constitute the peptide
and their sequence can be determined in this way.

Of special interest in this connection is the mechanism
by which protonated peptides cleave. The complexity of
these macromolecules poses a signi®cant impediment to
any detailed evaluation of the energetics or mechanisms
of the reactions which generate the mass spectrum.

A peptide has a number of basic sites which can be
protonated [8]. The fragmentation pattern is determined
by a number of factors. These factors are the kinetics

and energetics of the initial proton transfer reaction and
the subsequent (usually heterolytic) bond-breaking
reactions. The availability (in both the thermodynamic
and the kinetic sense) of the di�erent basic sites as well
as the lability towards homolytic cleavage of the bonds
that are protonated are known to be important factors
[9, 10]. Rearrangements prior to bond cleavage of mo-
lecular groups via electrostatically bonded ion/molecule
complexes [11±14] within the protonated peptide should
be considered to be signi®cant.

We have recently conducted a combined experimental
and theoretical study of the unimolecular chemistry of
protonated formamide [15]. Formamide is the simplest
molecule that contains a peptide bond. The activation
energies and mechanisms for the three unimolecular re-
actions observed, (1) loss of water, (2) loss of ammonia,
and (3) loss of carbon monoxide, were determined. We
then conducted a study of the slightly more complex
system, namely protonated glycinamide, GH+ [16]. Two
major unimolecular processes were found, namely (1)
loss of ammonia and (2) loss of ammonia plus carbon
monoxide. As the next step in our project we are now
able to present the results of a computational study of
protonated glycine.

2 Theoretical methods

The program system GAUSSIAN 94 [17] was used for
the calculations. The molecular geometries of all species
relevant to the unimolecular chemistry of protonated
glycinamide were ®rst optimized using the 3-21G basis
set [18] at the Hartree Fock (HF) level of theory [19].
Start geometries for the transition structure optimiza-
tions were obtained by the linear synchronous transit
method [20] or by crude interpolation of reactant and
product geometries. A combination of the Newton
algorithm and normal co-ordinate following algorithms
were used for the all geometry optimizations. Starting
from each of the optimized transition structure geom-
etries, the intrinsic reaction co-ordinate [21] paths were
calculated to ensure the correspondence between the
transition structure and the reactant and the product
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structures. The optimized geometries were checked for
the correct number of negative eigenvalues of the
Hessian (the second derivative matrix). The HF/3-21G
geometries were used as the start geometries for the ®nal
stage of the optimizations. At this stage the wave
functions were calculated using the MoÈ ller Plesset
perturbation theory to the second order [22] and with
a 6-31G(d,p) basis set [23]. Analytical force constants
were computed at this stage and the vibrational
frequencies were obtained. These vibrational frequencies
were used for the ®nal zero point vibrational energy
correction after scaling by a factor of 0.94 [24]. The
optimized MP2/6-31G(d,p) geometries and energies
together with the corresponding zero point energies
provide the ®nal results. To obtain the highest level
theoretical estimate of the proton a�nity G2(MP2)
[25, 26] calculations were in addition performed for
glycine and the most stable isomer of protonated
glycine.

3 The proton a�nity of glycine

The proton a�nity (PA) of glycine has been determined
experimentally by a number of workers over the years.
Depending on the method used the PA has been
estimated to lie in the range PA � 864ÿ 891 kJ molÿ1
[27±30].

Previous theoretical calculations of the isomers of
protonated glycine and the proton a�nity of glycine
have been published by Bouchonnet and Hoppilliard
[31] and by Jensen [32]. Bouchonnet and Hoppilliard
performed their calculations with MP2/6-31G(d )//3-21G
and Jensen with MP2/6-31G(d )//HF/6-31G(d ). The two
studies agree in that by far the most basic site is the
amino group and they calculate the absolute proton
a�nity to be PA � 935 kJ molÿ1 and PA � 932 kJ molÿ1,
respectively. Our study di�ers from these two in that we
have conducted the geometry optimizations with a larger
basis set and included electron correlation in the form of
Mùller Plesset theory (MP2).

The signi®cance of this methodical di�erence is re-
¯ected in the results. A number of the structures found
to be potential energy minima with HF/6-31G(d ) are not
stable with MP2/6-31G(d,p). This applies to a number of
conformers of the carbonyl protonated form (3) and the
hydroxyl protonated form (4) which involves hydrogen
bonding to the amino group. The only stable forms
found with MP2/6-31G(d,p) are structures 2±4 depicted
in Fig. 1. The other HF/6-31G(d ) minima collapse to
the amino protonated form (2) upon complete geometry
optimization with MP2/6-31G(d,p). Our energy data are
summarized in Table 1. Isomer (2) was calculated (with
MP2/6-31G(d,p)) to be 124 kJ molÿ1 more stable than
the carbonyl protonated form (3), which in turn is
17 kJ molÿ1 more stable than the hydroxyl protonated
isomer (4). The two latter isomers correspond to very
shallow minima, and it should be noted that they easily
isomerize to (2) upon simple rotation around one or two
of the single bonds.

With MP2/6-31G(d,p) we obtain an absolute proton
a�nity of PAcalc � 925 kJ molÿ1 based on the most stable

isomer (2). Absolute PAs obtained at this level of theory
are known to be systematically overestimated [33, 34].
When we instead compare the calculated proton a�nity
of glycine with that of ammonia we ®nd the former to be
25 kJ molÿ1 higher. By comparison with the known ex-
perimental PA of ammonia we estimate the theoretical
proton a�nity glycinamide to be PAcalc � 888 kJ molÿ1,
which is in satisfactory agreement with the experimental
values.

It has been demonstrated that post-Hartree-Fock
calculation with large basis sets generally gives absolute
theoretical PAs that are correct within 10ÿ20 kJ molÿ1
[26]. One method that has this potential is G2(MP2), so
the energies of G (1) and GH+ (2) were calculated using
this method. The absolute proton a�nity obtained,
PAcalc � 895 kJ molÿ1, compares rather well with the
experimental estimates which lie in the range PAexp �
864ÿ 891 kJ molÿ1.

4 Unimolecular fragmentation

BeranovaÂ et al. [35] studied the unimolecular decompo-
sition of protonated glycine by various tandem mass
spectrometry methods. The lowest energy pathways were
inferred by inspection of the metastable ion (MI)
decomposition pattern:

Fig. 1.Molecular structures (MP2/6-31G(d,p)) of glycine (1), its three
isomeric protonated forms (2)±(4) and the found transition structures.
Bond distances are given in angstroms
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�NH2CH2COOH�H� ! �NH2CH2, H2O�� � CO �1�
�NH2CH2COOH�H� ! �NH2CH2�� � CO�H2O �2�
Loss of carbon monoxide, reaction (1), dominates the
MI spectrum and gives a broad peak in the energy
spectrum which corresponds to a substantial transla-
tional energy release of T0:5 � 44 kJ molÿ1. Reaction (2)
is characterized by a much narrower peak, correspond-
ing to a negligible translational energy release.

The part of the potential energy hypersurface of
GH+ which is relevant to the unimolecular chemistry
was calculated at the MP2/6-31G(d,p) level of theory.
The energy data were corrected for di�erences in zero-
point vibrational energies and are reproduced in Table 1
and Fig. 2.

Starting from the most stable isomer of GH+ (the
amino protonated form, 2) loss of CO is shown to
proceed in two steps. In the ®rst step a proton is trans-
ferred to the carboxylic acid site and the isomer (4)
is formed as an intermediate. The key to the CO loss
reaction is the transition structure TS[4® 5]. The
geometry of TS[4® 5] is shown in Fig. 1 and involves

Table 1. Results from ab initio
calculations

a Molecular potential energy
obtained from geometry opti-
mized MP2(FC)/6-31G(d,p)
structures, not including zero
point vibrational energies
b These numbers give PA (gly-
cine) = 895 kJ mol)1
c Zero point vibrational en-
ergies. Vibrational frequencies
were calculated at MP2/6-
31G(d,p) optimized structures
and are scaled by a factor of
0.94

Molecule Energya (MP2/6-31G(d,p))
[Hartree]

Enthalpyb

(G2/MP2) [Hartree]
E(z.p.v.)c [kJ mol)1]

NH2CH2COOH (1) )283.64420 )284.00059 202
NH3

+CH2COOH (2) )284.00774 )284.33893 238
NH2CH2COH

+OH (3) )283.95852 ± 233
NH2CH2COOH2

+ (4) )283.94647 ± 218
OC á á CH2NH2

+ á á áOH2 (5) )283.97704 ± 214
CH2NH2

+ á á áOH2 (6) )170.94896 ± 199
CH2NH2

+ (7) )94.69164 ± 138
H2O (8) )76.21979 ± 54
CO (9) )113.02122 ± 12
OCáááCH2NH2

+ (10) )207.72158 154
TS[2® 4] )283.94365 ± 217
TS[4® 5] )283.94423 ± 218

Fig. 2. Potential energy pro®le for unimolecular decomposition of
protonated glycine (GH+) obtained from the ab initio calculations
(energy data of Table 1)
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rearrangement of the hydroxyl OH2 group. The energy
of this transition structure is 172 kJ molÿ1 above (2).
Upon rearrangement via TS[4® 5] the isomer (5) is
formed as a transient intermediate. From this isomer CO
is lost immediately owing to the almost vanishingly low
C � � �C bond dissociation energy. The product ion has
the structure CH2NH

�
2 � � �OH2 (6), as determined by

calculation of the intrinsic reaction coordinate pathway.
This rearrangement followed by fragmentation is seen to
give rise to a substantial barrier for the reverse reaction
(76 kJ molÿ1). This is in agreement with the experimental
observation that the reaction is accompanied by a sig-
ni®cant translation energy release of T0:5 � 44 kJ molÿ1
(which corresponds to 58% of the calculated reverse
barrier).

The fate of the CH2NH
�
2 � � �OH2 (6) ion depends on

the internal energy of the GH+ ions. If the internal
energy is su�ciently high, water may be lost in a second
step. The products CH2NH

�
2 � CO�H2O are only

16 kJ molÿ1 above TS[4® 5], so energy rich GH+ ions
could have given rise to these products. For metastable
ions [35] which only have a few kJ molÿ1 in addition to
TS[4® 5], the situation is di�erent. During CO loss a
su�ciently large proportion of the internal energy of
the GH+ ion is given away to relative translation, and
therefore these ions will end up as unreactive
�CH2NH

�
2 � � �OH2�� ions.

An alternative and more likely mechanism for loss of
the elements of CO and H2O must therefore exist for
long-lived metastable GH+ ions, which decompose
during ¯ight through the analyser tube of the mass
spectrometer. Starting from isomer (4), direct scission of
the CAO bond will give �H2NCH2 � � � CO���10� �H2O
(8). The absence of the intermediate 10 in the MI spec-
trum [35] is in good accordance with the ®nding that this
is a very weakly bonded complex. Loss of CO will
therefore most likely occur directly upon H2O loss.
Separate calculations show that the lengthening of the
CAO bond which precedes H2O loss leads to a simul-
taneous weakening of the bond between [NH2CH2]

+

and CO. The best description of the process is therefore
that H2O and CO are lost simultaneously, but via an
asynchronous mechanism, where lengthening of the
C � � �O bond precedes lengthening of the C � � �C bond.
The reaction has no transition structure and is classi®ed
as a type I reaction, having a loose transition state.
According to the MP2 calculations the potential energy
of the products, [NH2CH2]

++CO+H2O, is 16 kJ
molÿ1 higher than TS[4® 5]. This is in good agreement
with the experimental data, which shows that loss of CO
dominates over loss of CO plus H2O.

In conclusion a unimolecular reaction model, which is
consistent with available experimental data, has been
presented.
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