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Abstract: The energy thresholds for fragment ions from the collision-induced dissociation of the protonated amino
acid glycine (Gly), glycinamides Gly-NH2 and Gly-NHCH3, the dipeptides Gly-Gly and Gly-Gly-NH2, and the peptides
Gly-Gly-Gly and Gly-Gly-Gly-Gly were determined with a modified triple quadrupole mass spectrometer. The
precursor ions were produced by electrospray. The threshold energies for the formation of the major fragment ions
were determined by fitting the experimentally determined threshold curves to theoretical threshold equations following
the procedure developed by Armentrout and co-workers. To obtain corrections for the kinetic shifts, several of the
transition states were modeled by usingab initio or semiempirical calculations. The immonium ion, CH2NH2

+,
which is ana1 ion, was observed as a major fragment ion from precursor ions (H2NCH2CO-X)H+, where X) OH,
NH2, NHCH3, and NH2COOH. The activation energies obtained from the thresholds were between 40 and 50 kcal/
mol. These energies were in good agreement with theoretically evaluated activation energies for transition states
based on a mechanism proposed by Harrison and co-workers. A second pathway leading to XH2

+ (y1) ions was
observed for X) NHCH3 and NHCH2COOH. The threshold based activation energy was somewhat lower than
that for thea1 ions. Agreement between the threshold based activation energy and the calculated activation energy
for a transition state involving an aziridinone intermediate provides support for the mechanism proposed by
Wesdemiotis and co-workers. The lowest energy fragmentation pathway for ions with the general structure+H-
(Gly-Gly-X) was found to be theb2 (acylium) ion. In the case where X) NH2, the activation energy was only 20.4
kcal/mol. This very low energy was found consistent with theb2 ions being cyclic, protonated oxazalones, as proposed
by Harrison and co-workers. The thresholds for the fragment ions from larger precursor ions were affected by very
large kinetic shifts and supression by competitive decompositions. Accurate activation energies for these reactions
could not be obtained. Nevertheless, the threshold curves provide a view of the evolution into the complex pathways
occurring for the higher polypeptides.

I. Introduction

Tandem mass spectrometry (MS/MS) has become an impor-
tant tool for determining the amino acid sequence of protonated
peptides. The technique involves the isolation of the protonated
peptide ion in the first stage of mass analysis, excitation of this
precursor ion to induce dissociation and mass analysis of the
resulting fragment ions. Excitation of the precursor ion is most
commonly achieved by energetic collisions with a non-reactive
gas, such as argon, and is referred to as collision-induced
dissociation (CID). At collision energies readily accessible with
triple quadrupole mass spectrometers (<100 eV), protonated
peptides dissociate primarily along the backbone at the amide
bonds producingb ions which contain the N-terminus and are
formally acylium ions, H(-HNCHRCO-)n+, andy ions which
contain the C-terminus and correspond to protonated peptides
or amino acids.1 Theoretical results2 suggest that these reactions
are charge directed, involving protonation of the amide nitrogen
at the site of cleavage. In a typical CID experiment the average
internal energy deposited in the precursor ion is chosen to be
much larger than the activation energies required for a single
dissociation and, as a result, the primary fragment ions
themselves undergo fragmentation, producing smallera, b, and
y ions. Decomposition of theb ions results in the formation

of smallerb ions as well as immonium ions (a ions) which are
also commonly observed in the low-energy CID spectra of
peptides.3,4 Sequence information is obtained from the mass
difference of successive fragment ions of the same type (e.g.
bn-bn-1), which corresponds to the mass of the residue by
which they differ. The amount of sequence information
available from an MS/MS experiment, therefore, depends on
the type of fragment ions that are generated and the range of
the residues that they include.
Despite the importance and widespread use of CID-MS to

sequence peptides, the mechanistic details of the dissociation
processes are poorly understood. A better understanding of
major dissociation pathways and the effects of primary and
higher order structure on these reactions is of interest not only
from a fundamental point of view but also for practical reasons,
such as for future refinements of CID-MS as a sequencing
technique. This lack of mechanistic information is due in large
part to the scarcity of experimentally determined dissociation
energetics, a deficiency that is currently being addressed by a
few research groups. Meot-Ner and co-workers have recently
determined the activation energy for the dissociation of proto-
nated leucine enkaphalin by measuring the temperature depen-
dence for the decomposition of the protonated peptide ion in a
heated capillary flow reactor interfaced with a mass spectrom-
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eter.5 The flow reactor was operated at a pressure close to 1
atm, which allowed for the activation energy to be measured in
the high-pressure limit. Williams and co-workers are presently
investigating a promising new technique for studying the
temperature dependence of the dissociation kinetics of large
biomolecules in which the precursor ions are heated via
blackbody infrared radiation inside an ICR cell.6

An on-going area of research in our laboratory involves the
application of energy-resolved CID-MS,7,8 developed by Ar-
mentrout and co-workers, to measure the dissociation threshold
energies of ions generated by electrospray (ES). Our original
interest in this technique was as an alternative to the ion-
equilibrium method9 for measuring ion-ligand binding energies
for complexes generated by ES.10 Using the CID threshold
method, we have recently measured the sodium and potassium
ion affinities of several amides as well as glycine and glycyl-
glycine.11 In the present work, we apply this technique to
determine the appearance curves of the dominant, low-energy
CID fragment ions of several protonated peptides and their
amino amides. The resulting appearance curves not only
provide qualitative insight into the dissociation process but also
can lead to determinations of the activation energies,i.e. the
energy differences between the precursor ion and the transition
state involved in the formation of a given fragment ion. The
activation energies are assumed equal to the threshold energies,
E0, which are obtained from the appearance curves by curve-
fitting procedures (Vide infra). The E0 values can then be
compared with activation energies obtained from quantum
mechanical calculations, where the transition state modeled is
a transition state corresponding to a given proposed mechanism
for the dissociation reaction. Agreement between the two values
will then represent strong support for the validity of the proposed
mechanism. Evidently, the success of this approach will depend
on the accuracy of the experimental and theoretical determina-
tions. Theoretical computation with large basis sets becomes
very costly for large molecules, and therefore the present
approach can be realistically applied only to amino acids and
di- and tripeptides. As will be seen, the evaluation of the
activation energiesE0 from the threshold curves becomes more
difficult as the size of the peptide increases so that a limitation
to small peptides is imposed also to the determinations based
on the threshold curves. The theoretical calculations performed
in the present work employed only low-level basis sets or
semiempirical methods. These results fall short of the accuracy
required to establish the reaction mechanism. Nevertheless, the
results are interesting and we hope that the availability of the
data obtained will stimulate theoretical work by researchers
specialized in that area.

II. Experimental and Data Treatment

a. Apparatus and Conditions for Ion Thermalization. The
present measurements were performed with a modified SCIEX Trace

Atmospheric Gas Analyzer (6000E) triple quadrupole mass spectrometer
that has been described previously11 and only a brief description is
given here. The modified front end of the mass spectrometer is shown
in Figure 1.
The gas-phase ions were generated by electrospraying methanol

solutions containing 10-3-10-4 M peptides and 10-4 M HCl. The ions
are transfered from atmospheric pressure into the low-pressure source
(LPS) via a stainless steel capillary (CAP, 3.5 cm long, 0.33 mm i.d.).
The pressure in the LPS is maintained at 10 Torr by means of a pump.
Protonated peptides (MH+) generated by ES are often clustered with
water or solvent molecules (MH+(H2O)n(MeOH)m). Some initial
declustering of the ions is obtained by reducing the partial pressure of
H2O and MeOH in the LPS. This is achieved at the atmospheric side
of CAP by flowing dry N2 (∼1 L/min) around the CAP, where the N2
flow is countercurrent to the ES plume. Additional declustering is
obtained by applying a high ion drift field between the tip of the CAP
(200-400 V) and the bottom plate, IN (110 V). A weak drift field
(E/P < 2 V cm-1 Torr-1) between IN and the orifice, OR (100 V),i.e.
in the ion thermalization chamber which contains N2 gas at 10 Torr,
ensures that the ions reach OR with thermal energies. In order to avoid
collisional heating during sampling into the mass spectrometer, OR,
CB, and Q0 were set at equal potentials (100 V). Precursor ions are
mass selected with the first quadrupole (Q1) and accelerated to a known
kinetic energy by selecting a suitable offset potential for the radio
frequency only quadrupole (Q2), which serves as the collision cell.
Argon was used as the collision gas. The fragment ions produced in
Q2 are mass analyzed by the third quadrupole (Q3) and detected with
an ion counting system.
Tests were performed to establish that the threshold valueE0 for a

given product ion, see section b, is independent of the declustering
drift field applied between CAP and IN. Changes of the CAP to IN
potential from 260 V to 190 V led to changes ofE0 for the immonium
ion from protonated glycine (Table 1) of only∼0.04 eV. These changes
were within the reproducibility range ofE0 determinations obtained
with constant voltage parameters. For another similar test, see previous
work.11b

The drift field in the thermalization chamber between IN and OR is
very weak,E/P e 2 V cm-1 Torr-1. According to experiments by
Castlemanet al.,12 drift fields whereE/P < 15 V cm-1 Torr lead to
ions with near thermal energies. The residence time of the ions in the
weak drift region which is 5 mm long is difficult to estimate because
the ions not only drift but are also carried by the plume of the gas
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Figure 1. Front end of apparatus. Electrospray generator, ES, consisting
of electrospray capillary with stainless steel tip at high electric potential.
ES generates charged droplets and ultimately gas-phase ions. ES is
partially surrounded by a glass tube providing a flow of dry air. The
capillary, CAP, transfers gas and ions from 1 atm to a low pressure
ion source, LPS, maintained at 10 Torr. Ions can be partially declustered
by applying a high drift field between the CAP and the interface plate,
IN. Ions are allowed to rethermalize in a low drift field ion thermal-
ization chamber, IT. The orifice, OR, leads to a vacuum. The first
electrode/skimmer, CB; RF only ion guide quadrupole, Q0; first
quadrupole, Q1. Cryosurfaces, CR, for cryopumping.

Collision-Induced Dissociation Threshold Energies J. Am. Chem. Soc., Vol. 119, No. 28, 19976553



which exits the capillary CAP. Threshold energy,E0, determinations
for the immonium ion from protonated glycine were also performed
with a different source normally used for ion-equilibria determinations.10a

In this “side-on” source, the gas plume and ions from CAP enter slightly
above and parallel to the IN plate. Otherwise, the source is identical
with the present one. The ions are deflected by a weak field such that
some of them enter the ion thermalization chamber IT. For the same
drift field, 2 V cm-1 Torr-1, the residence time in IT has been estimated
as∼100µs.10a Some 105 collisions with the 10 Torr pressure buffer
gas N2 can be expected to occur in IN-OR. Therefore, these ions are
certainly thermalized. Threshold curves can be measured with that
source even though the precursor ion intensities are lower by a factor
of ∼10. The threshold for thea1 ion from protonated glycine was
only 0.05 eV lower than the value obtained with the “straight-on” source
of the present work.
b. Determination of Threshold Energies,E0, and Kinetic Shifts.

The threshold energies,E0, were obtained by fitting the fragment ion
appearance curves with eq 1, using the CRUNCH program developed
by Armentrout and co-workers,13a

whereE is the collision energy (in the center of the mass frame, CM),
E0 is the threshold energy, andEi is the vibrational energy of a given
vibrational state with a relative population given bygi. The temperature
of the precursor ions was assumed to be 298 K.σ0 is a scaling factor
and n is a variable parameter; both are optimized during the fitting
procedure, along withE0.
An underlying assumption in eq 1 is that any precursor ion with an

internal energy greater thanE0 will decompose inside the collision cell
(Q2) prior to reaching the mass analyzer (Q3). The residence time (t)
in Q2 can be estimated and is between 20 and 40µs for the present
ions. For precursor ions with many degrees of freedom, additional
internal energy is required to achieve a dissociation rate constant large
enough to ensure that fragmentation occurs within the residence time
(t) prior to the ions entering Q3. This additional energy is referred to
as a kinetic shift, and if not taken into account, it will lead toE0 values
that are too high. A modified version of eq 1 available in the CRUNCH
program13ballows for lifetime effects to be considered explicitly. This
is done by calculating the unimolecular rate constants for a given
dissociation process as a function of internal energy of the precursor
ion, according to the RRKM formalism. On the basis of these rate
constants, the probability (P) that a precursor ion with an initial
translational energy (E) and internal energy (Ei) will decompose within

the given experimental window (t) can be evaluated and eq 1 is scaled
accordingly (see eq 2).

c. Theoretical Calculations: Precursor Ion and Transition State.
The vibrational energy distribution of the precursor ions, required for
eqs 1 and 2, was obtained from calculated normal vibrational modes.
Geometry optimization and hessian analysis was carried out with low-
level ab initio or semiempirical methods available in the GAMESS
program.14 Evaluation of the unimolecular dissociation rate constants
(RRKM), used in eq 2 to account for lifetime effects, requires also the
vibrational frequencies of the transition state. Where possible the
transition states were modeled theoretically. Details of the methods
used to locate the transition states are given in the Results and
Discussion section.
d. Data Analysis, Threshold Curve Fitting, and Instrumental

Limitations Responsible for Errors in Threshold Energy, E0,
Determinations. The threshold curves for the product ions were
determined at Ar collision gas pressures ofe0.05 mTorr (collision cell
length 15 cm). At the selected pressure, the intensity of the fragment
ion, when at its maximum, was less than 3% and generally close to
1% of the intensity of the precursor ion. Generally 100 to 200 scans
over the threshold curve energy range for a given product ion were
collected and then averaged to obtain the experimental points shown
in the threshold curves, Figures 2, 4, and 6-10.
The product ion intensities leading to the threshold curves were not

expressed as cross sections and in particular were not divided by the
precursor ion intensity. The precursor ion intensity observed with triple
quadrupole instruments exhibits a fluctuation of intensity with ion
velocity due to quadrupole focussing effects, see Figure 2 in Magnera,8d

and this makes the normalization to the precursor ion intensity not
desirable.8d

Threshold values obtained from repeated experimental determinations
of a threshold curve showed a reproducibility within(0.05 eV, even
when repeat experiments separated by a month were performed.
The zero of the energy scale was obtained by fitting a Gaussian

function to the derivative of the precursor ion retarding curve. The
zero point was taken at the maximum of the Gaussian function. This
zero value was generally within a few tenth’s of an eV (lab) of the
nominal zero energy,i.e. V(OR) - V(Q2) ) 0. The width of the
Gaussian curve (fwhm) was generally 1.5 eV (lab) or less, see also
previous work.11b
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1993, 14, 1347.

Table 1. CID Threshold Energies (E0)a

E0b E0c

precursor ion (MH+) fragment ion eV (kcal/mol) eV (kcal/mol) ∆Sq d

+H3NCH2COOH +H2NdCH2 (a1) 1.90( 0.07 (43.9) 1.93 (44.4) 10.4
+H3NCH2CONH2 +H2NdCH2 (a1) 1.92( 0.11 (44.2) 1.95 (44.9) 12.8
+H3NCH2CONHCH3 +H2N)CH2 (a1) 2.16( 0.19 (49.9)e 2.61 (60.0) 5.8
+H3NCH2CONHCH3 +H3NCH3 (y1) 2.10( 0.23 (48.5) 2.60 (59.8) 4.6

(2.16)e (49.9)e (5.8)e

(Gly-Gly)H+ +H2N-CH2 (a1) 1.89( 0.26 (43.7) 2.81 (64.9) -3.2
(Gly-Gly)H+ +H3NCH2COOH (y1) 2.35 (54.1)
(Gly-Gly-NH2)H+ MH+-NH3 (b2) 0.88( 0.21 (20.4) 0.93 (21.4) 3.8
(Gly-Gly-NH2)H+ MH+-(CO+NH3) (a2) 2.99 (69.0)
(Gly-Gly-NH2)H+ MH+-GlyNH2 (y1) 2.99 (69.0)
(Gly-Gly-NH2)H+ +H2N-CH2 (a1) 3.57 (82.3)
(Gly-Gly-Gly)H+ MH+-Gly (b2) 2.36 (54.5)
(Gly-Gly-Gly)H+ (Gly-Gly)H+ (y2) 3.17 (73.1)
(Gly-Gly-Gly-Gly)H+ MH+-Gly2 (b2) 3.43 (79)f

(Gly-Gly-Gly-Gly)H+ (Gly-Gly)H+ (y2) 2.73 (63)f

a Threshold energies (E0) in eV and (kcal/mol). Error limits are given only for values quoted in eV. Only values for which error limits are given
have thermochemical significance. For evaluation of error limits see section d, Experimental and Data Treatment.b Threshold energies, obtained
with eq 2, include correction for kinetic shift.c Threshold energies obtained with eq 1, with no correction for kinetic shift.d ∆Sq values are calculated
at 1000 K, in units of cal/(mol K).eUpper limit for threshold energy obtained by using vibrational frequencies of the transition state of the
complementarya1 ion. f Average internal energy of precursor estimated to be 10.0 kcal/mol.26

σ ) σ0∑gi(E+ Ei - E0)
n/E (1)

σ ) σ0∑i[giP(E, Ei, t) (E+ Ei - E0)
n/E] (2)
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In the previous CID threshold work11 with the present apparatus, it
was observed that the kinetic energy profile of the precursor ion had a
tail toward higher kinetic energies. This broadening was found to
increase as the radial DC field in the first quadrupole Q1 was increased.
Collisions of the precursor ions with neutral gas molecules of the gas
jet originating at OR and extending into Q1 were assumed to be
responsible for the broadening.11b The broadening was reduced by
working at low radial DC fields in Q1,i.e. at low mass resolution in
Q1. It was also found11a that the broadening could be further reduced
by selecting a specific offset potential for Q1,i.e. by controlling the
axial kinetic energy of the precursor ions in Q1. Both of these two
measures were applied in the present work to reduce the kinetic energy
broadening. However, the higher radial DC values required for higher
mass precursor ions were still found to lead to increasing broadening
with precursor ion mass. Therefore, the threshold curves for the product
ions from the higher mass precursor ions could not be fitted with eqs
1 and 2 right down to the onset,i.e.a range of points had to be omitted;
compare the fit of the product ion CH2NH2

+ from low mass precursor
ion (Gly)H+ where the complete threshold could be fitted, Figure 2,
with the fit for the same product ion from (Gly-Gly)H+ where the tail
of the onset was not fitted, Figure 7.
For thea1 ion from GlyH+, Figure 2, essentially identicalE0 values

were obtained from fits including points from 1.5-6 eV and 2.5-6
eV, but fits from the same lower limit extending only to 5 eV gave an
E0 lower by 0.04 eV. For this ion we assign 0.05 eV as the curve
fitting error. For a summary of assigned errors to a given threshold
determination see the end paragraph of this section.
The product ion curves fitted for the (GlyNH2)H+ and (GlyNHCH3)-

H+ precursor ions, Figures 4 and 6, do not provide a good fit for the

experimental points at lowest energies. When these points were
included, theE0 values obtained were lower by∼0.1 eV. Therefore,
for these ions we assign 0.1 eV as the curve fitting error.
The product ions from the higher mass Gly-Gly, Figure 7, and Gly-

GlyNH2, Figure 8, were fitted only above the low-energy tail,i.e.
starting with the steeply rising portion. The error introduced by this

Figure 2. Appearance curves of+H2NdCH2 (b), (H2O)+H2N-CH2

(0), and+H3N-CH2 (4) from CID of (Gly)H+. The calculated curve
(solid line), fitted from 2.5 to 6.0 eV, corresponds ton ) 1.82 andE0
) 1.93 eV (44.4 kcal/mol) (eq 1).

Figure 3. Calculated HF energy (3-21G basis set) of (Gly)H+, with
the proton located on the hydroxyl group, as a function of the C-OH2

bond length. The energies are scaled relative to the calculated energy
of Ic, which is taken as 0 kcal/mol. The maximum energy (1.4 kcal/
mol) occurs at a bond length of 2.4 Å (Id ).

Figure 4. Appearance curves of+H2NdCH2 from CID of (GlyNH2)-
H+. The calculated curve (solid line), fitted from 2.5 to 6.0 eV,
corresponds ton ) 1.65 andE0 ) 1.95 eV (44.9 kcal/mol) (eq 1).

Figure 5. Calculated HF energy (3-21G basis set) of (GlyNH2)H+,
with the proton located on the amide nitrogen, as a function of the
OC-NH3 bond length. The energies are scaled relative to the calculated
energy ofIIb , which is taken as 0 kcal/mol. The maximum energy
(27.0 kcal/mol) occurs at a bond length of 2.5 Å (IIc ).

Figure 6. Appearance curves of+H2NdCH2 (b) and+H3NCH3 (4)
from CID of (GlyNHCH3)H+. The calculated curves (solid lines), fitted
from 3.0 to 5.0 eV for+H2NdCH2 and 2.5 to 3.5 eV for+H3NCH3,
correspond ton ) 1.54 andE0 ) 2.61 eV (60.0 kcal/mol) andn )
1.07 andE0 ) 2.60 (59.8 kcal/mol), respectively (eq 1).
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procedure was estimated by making a comparison with threshold curves
where a complete fit could be obtained,e.g.Figure 2. For the Figure
2 data when one started at the steeply rising portion by fitting the range
3.0-6 eV, a higher threshold (E0 ) 2.11 eV,n ) 1.68) was obtained.
The difference between the two results, 0.2 eV, was taken as the
uncertainty introduced by the omission of the low-energy tails in the
thresholds, Figures 7 and 8.
The curve-fitting error for product ions from the higher mass

precursor ions Gly-Gly-GlyH+ and Gly-Gly-Gly-GlyH+, Figures 9 and
10, is probably higher than(0.2 eV. No quantitative thresholds (eq
2) have been quoted for these ions.
The calculated vibrational frequencies for the precursor ion and the

transition state can be in error. Each set of vibrational frequencies
were multiplied by factors of 0.75 and 1.25, and the spread ofE0 values
obtained with eq 1 was taken as the uncertainty due to the precursor
ion frequencies, while that for eq 2 was taken as the error due to the
transition state frequencies.
The timet available for the decomposition of the energized precursor

ions before mass analysis in Q3 was estimated on the basis of the
equation: Etrans ) E0(Mion/MAr), whereEtrans is the kinetic energy in
the axial direction of the collision pair, ion+ Ar, which are assumed
to travel with the same speed. This condition holds for collisions at
the threshold, where the conversion of kinetic to internal energy is
maximum. E0 is the threshold energy determined with eq 1. The time
t equalsd/V, whered is the average distance for the flight andV is the
velocity of the ion-argon collision pair evaluated withEtrans. Taking
d) 7.5 cm (half the Q2 length),t values were obtained for all product

ions whoseE0, eq 2, was to be evaluated. The times obtained varied
from 23 µs for a1 from Gly-GlyH+ to 39 µs for b2 from Gly-Gly-
NH3

+. The error due to uncertainty in t was estimated by doing
threshold fits with eq 2 and changingt by (25%. The errors were
very small,(0.02 eV for the case with the largest kinetic shift,a1 from
Gly-GlyH+.

The evaluated uncertainties in electronvolts (for curve fitting error;
vibrational frequencies; time; and reproducibility) are listed below for
each product ion:a1 from GlyH+ (0.05;∼0.01;∼0.01; 0.05);a1 from
GlyNH2H+ (0.17;∼0.01;∼0.01; 0.05);a1 from Gly-NHCH3H+ (0.15;
0.1; 0.03; 0.05);y1 from GlyNH2CH3H+ (0.2; 0.1; 0.03; 0.05);a1 from
Gly-GlyH+ (0.2; 0.15; 0.04; 0.05); andb2 from Gly-GlyNH2H+ (0.2;
0.01; 0.01; 0.05). The total error estimate obtained with the chain rule
is given in Table 1 for each of the above ions. For example, the
uncertainty for thea1 ion from Gly-GlyH+ is obtained from (0.22 +
0.152 + 0.042 + 0.052)1/2 ) (0.26.
The largest error is due to the threshold tailing, and this error

increases as the mass of the precursor ion increases. The effect with
increasing mass is probably due to two contributing factors: (a) the
increasing radial DC field in Q1, see previous work;11b and (b) the
increasing cross section for vibrational excitation of the peptide
precursor ions. Due to the tailing problem, the quality of the threshold
curves andE0 values obtained is lower than that obtained with the
Guided Ion Beam apparatus used by Armentrout and co-workers.7

III. Results and Discussion

a. CID of +H(H2NCH2COX), where X ) OH, NH2,
NHCH3. Mechanism and Energy Changes of Processes
Leading to the Immonium Ion, H2NdCH2

+. Protonated
glycine was chosen as the starting point of the present study
because this compound is the simplest constituent of peptides.
Glycinamide (X) NH2) and particularly glycine methylamide
(X ) NHCH3) are compounds which may be used as the
simplest models of peptides. Furthermore, a wealth of experi-
mental15,16 and theoretical17 information is available in the
literature on the gas-phase chemistry of protonated amino acids
and protonated glycine. It was felt that combining the informa-
tion gained from the present threshold studies with the insights
provided from the literature15-17 for glycine, glycinamide, and
glycine methylamide may lead to an essential understanding of
the basic fragmentation mechanisms and energetics and provide
the key to the backbone fragmentation mechanisms of oligopep-
tides.
The appearance curves from CID of protonated glycine show

at a collision energy of 10 eV lab (3.4 eV (CM)) the immonium
ion +H2NdCH2 (m/z 30) as the major product with a small
amount of the immonium ion-water complex (m/z48) (Figure
2). These fragment ions have been previously observed in the
metastable ion spectrum of FAB-generated protonated glycine,16b

wherein the hydrate was observed as the dominant fragment
ion. At higher collision energies (>6 eV (CM)), a new minor
reaction pathway is observed, leading to the formation of a
fragment ion atm/z31 (CH5N+). This ion has been observed
in high-energy CID experiments and has been identified on the
basis of MS/MS as the distonic ylide ion (+H3N-CH2

•).16b

The threshold obtained for the immonium ion is given in
Table 1. The thresholds for the other two ions could not be

(15) (a) Meot-Ner, M.; Field, F. H.J. Am. Chem. Soc.1973, 95, 7207.
(b) Tsang, C. W.; Harrison, A. G.J. Am. Chem. Soc.1976, 98, 1301. (c)
Dookeran, N. N.; Yalcin, T.; Harrison, A. G.J. Mass Spectrom.1996, 31,
500.

(16) (a) Cordero, M. M.; Houser, J. J.; Wesdemiotis, C.Anal. Chem.
1993, 65, 1594. (b) Beranova, S.; Cai, J.; Wesdemiotis, C.J. Am. Chem.
Soc.1995, 117, 9492.

(17) (a) Bouchonnet, S.; Hoppilliard, Y.Org. Mass Spectrom.1992, 27,
71. (b) Jensen, F.J. Am. Chem. Soc.1992, 114, 9533. (c) Bouchoux, G.;
Bourcies, S.; Hoppilliard, Y.; Mauriac, C.Org. Mass Spectrom.1993, 28,
1064.

Figure 7. Appearance curves of+H2NdCH2 (O) and (Gly)H+ from
CID of (Gly-Gly)H+. The calculated curves (solid lines), fitted from
3.0 to 5.0 eV for+H2N-CH2 and 2.5 to (eq 2) for (Gly)H+, correspond
to n ) 1.78 andE0 ) 1.87 eV (43.0 kcal/mol) andn ) 1.34 andE0 )
2.35 eV (54.1 kcal/mol), respectively (eq 1).

Figure 8. Apperance curves of theb2 (b), a2 (2), y1 (0), anda1 (O)
fragment ions from CID of (Gly-GlyNH)H+. The calculated curve (solid
line) for theb2 ion, fitted from 1.0 to 2.5 eV, corresponds ton ) 1.52
andE0 ) 0.93 eV (21.4 kcal/mol) (eq 1).
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determined accurately; however, the onset regions observed
provide useful qualitative information as will be shown below.
Formation of the immonium ion, the dominant fragment ion

over the energy range studied, formally involves the loss of
CO2H2. The most direct route leading to the immonium ion
would involve proton tranfer from the amino group to the
carbonyl oxygen, followed by heterolytic bond cleavage and
loss of the dihydroxycarbene neutral (Scheme 1, reaction 1a).
An alternative mechanism, proposed by Tang and Harrison,15b

proceeds by protonation of the hydroxyl group followed by the
loss of H2O and CO (reaction 1b). The acylium ion (H2N-
CH2-CO+) intermediate has not been detected mass spectro-
metrically, and evidence was presented that it is unstable with
respect to the loss of CO.15b Using heats of formation of the
precursor ion and the final products taken from the literature,
Beranovaet al.16b have recently evaluated the overall reaction
endothermicities for the two reaction pathways. Reaction 1a,
leading to the dihydroxycarbene, is found to be 64 kcal/mol
endothermic, while reaction 1b is predicted to be 33 kcal/mol
endothermic. Although no heats of formation are available for
the transition states for the reactions shown in Scheme 1, useful
related estimates are provided by Hoppilliard and co-workers,17a

who have calculated the relative energies (MP2/6-31G*//3-21G)
(not including zero point energy corrections) of the isomeric
forms of protonated glycine (Ia, b, andc). Protonation of the
amino group (Ia) is calculated to be 18 kcal/mol more stable
than protonation of the carbonyl oxygen (Ib ) and 43 kcal/mol
more stable than protonation of the hydroxyl group (Ic). The
calculations also reveal that protonation of the hydroxyl group
results in an unusually long C-OH2 bond (2.1 Å) such thatIc
resembles an acylium ion-water complex. On the basis of these
values,17a a lower limit of 43 kcal/mol, corresponding to the
proton transfer from the amino to the hydroxyl group, can be
assigned to the energy barrier for the formation of the transition
state of reaction 1b. The final products from this reaction are
predicted16b to lie 35 kcal/mol below the energy ofIc.

Fitting the immonium ion appearance curve, Figure 2, with
eq 1 gives a threshold energy of 44.4 kcal/mol (see Table 1).
As discussed in the Experimental Section, the threshold energy
obtained with eq 1 assumes that there is no kinetic shift present
and therefore can be viewed as an upper limit of the true

threshold energy. A more reliable value is obtained when
lifetime effects are explicitly considered. In order to evaluate
the RRKM rate constants, an estimate of the vibrational
frequencies of the transition state is required, which in turn
requires some insight into the reaction mechanism. Since the
threshold energy obtained with eq 1 can be considered as an
upper limit to the true activation energy, one can rule out any
contribution from reaction 1a to the immonium ion appearance
curve, at least in the onset region. On the basis of this result,
reaction 1b was taken as an initial guess of the actual reaction
mechanism. The first step in reaction 1b involves intramolecular
proton transfer between the amino nitrogen and the hydroxyl
group, which probably proceeds via a five-membered proton-
bridged ring intermediate. The energy barrier for this process
is expected to correspond to the thermochemical barrier of 43
kcal/mol obtained by Bouchoux and Hoppilliard.17a The next
step involves the loss of H2O from Ic. This process was
modeled with low-levelab initio calculations (3-21G), see
Figure 3. WithIc as the starting geometry, the C-OH2 bond
length was systematically increased while the remaining degrees
of freedom were optimized. Lengthening the bond leads to a
slight increase in energy (relative toIc), reaching a maximum
of 1.4 kcal/mol at 2.4 Å (seeId ).18 Increasing the bond length
to 2.5 Å (Ie) results in a large drop in energy,-14 kcal/mol
relative toIc.18 This drop in energy coincides with the C-C
bond increasing from 1.52 to 2.64 Å, indicating that the acylium
ion is no longer sufficiently stabilized by the water molecule
and that the C-C bond dissociates such thatIe resembles a
hydrated immonium ion, weakly associated with a COmolecule.
Subsequent dissociation ofIe into the final products is exo-
thermic, see Figure 3. By using the vibrational frequencies of
Id (shown in Table 2) to represent those of the transition state,
a threshold energy of 43.9 kcal/mol is obtained, see Table 1,
which is in excellent agreement with the energy barrier predicted
for the reaction proceeding viaId , based on Hoppilliard’s value
of 43 kcal/mol for the formation ofIc followed by a∼1 kcal/
mol increase predicted by 3-21G for the formation ofId . The
kinetic shift for this reaction is quite small, 0.5 kcal/mol, see
Table 1.

The immonium and the immonium hydrate ions are seen to
have similar threshold energies, Figure 2. Unfortunately, the
intensity of the hydrate in the threshold region is too low to
provide a reliable threshold fit (eq 1). The immoniumhydrate
is probably also produced by the transition stateId . The very
rapid increase of the C-CO distance fromId to Ie while the
OC-OH2 distance remains almost the same indicates that most
of the energy released when the reaction proceeds past the
transition state involves relative motion of the CO group and is
released as kinetic energy. Under these conditions, some H2O
molecules may be retained close to the immonium ion as ion-
dipole type complexes. This would be particularly the case for
precursor ions whose energy is equal to or only slightly above

(18) The HF energies (in atomic units) calculated with a 3-21G basis
set are the following:E(Ic) ) -281.552329,E(Id ) ) -281.55077,E(Ie)
) -281.574730.

Scheme 1
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the energy of the transition state and is consistent with the
observed absence of increase of the immonium hydrate intensity
past the threshold region, see Figure 2. The bond distance
changes fromId to Ie and the above interpretations are also
consistent with the observed sizable kinetic energy releases,T1/2
∼ 0.38 eV (immonium)4a and T1/2 ∼ 0.46 eV (immonium
hydrate),16b when these ions are formed from the protonated
amino acid.
Formation of the immonium ion is an example of a charge

directed process, where the proton catalyzes bond dissociation.
Charge remote fragmentation processes, in which simple ho-
molytic bond cleavage occurs, require substantially higher
internal energies. For example, C-C bond cleavage, which
occurs in the formation of the ylide cation (+H3N-CHO2

•), is

expected to have a threshold energy of∼90 kcal/mol (based
on the average C-C bond energy). The observed onset energy
of the ylide ion in Figure 2 is above 6 eV (140 kcal/mol). This
onset energy is likely artificially high due to a significant kinetic
shift that can be attributed to lifetime effects,i.e. kinetic shift,
combined with kinetic suppression of this pathway by the much
faster competing reaction leading to the immonium ion.
The threshold curve obtained for the formation of the

immonium ion from protonated glycinamide (IIa ) is shown in
Figure 4. The CID behavior of protonated glycinamide is
similar to that observed for glycine. Low collision energies
lead almost exclusively to the formation of the immonium ion,
along with a small amount of the (+H2NdCH2)NH3 complex.
Formation of the immonium ion likely proceeds by the same

Table 2. Vibrational Frequencies (cm-1) of Precursor Ions and Transition States (TS) Leading to a Given Fragment Ion

(Gly)H+ a/TSd
(H2NdCH2

+)
(GlyNH2)H+ a/TSd
(H2NdCH2

+)
(GlyNHMe)H+ b/
TSd (H2NdCH2

+)
(Gly)H+ a/TSd
(H2NdCH2

+)
(GlyNH2)H+ a/TSd
(H2NdCH2

+)
(GlyNHMe)H+ b/
TSd (H2NdCH2

+)TSf y1
(+H3N-CH3)

TSf y1
(+H3N-CH3)

100 -108 106 -135 60 -143 -516 1957 2470 1827 1869 1356 1330 1326
227 107 304 62 70 36 31 3277 3265 1852 1876 1359 1334 1337
320 121 358 86 79 77 54 3323 3327 1904 2440 1383 1342 1344
508 176 513 141 154 135 84 3346 3765 3119 3262 1412 1364 1368
561 206 523 234 237 152 128 3572 3829 3280 3358 1451 1379 1380
680 373 648 296 392 198 151 3621 3886 3347 3586 1625 1457 1436
698 388 703 341 432 228 257 3810 3942 3597 3704 1640 1522 1466
883 463 836 433 497 302 413 3651 3707 1651 1692 1666
994 468 838 509 585 318 432 3738 3777 1655 1712 1726
1011 496 1003 546 685 472 456 3854 3904 2002 2338 2352
1230 626 1014 583 927 500 679 2976 2921 2932
1235 753 1218 782 956 615 954 2998 2987 2973
1247 974 1229 961 1100 788 981 3005 2989 2990
1420 1198 1257 1195 1122 923 1016 3034 3011 3011
1473 1336 1435 1318 1152 1013 1025 3088 3094 3090
1560 1476 1463 1331 1200 1049 1039 3088 3396 3096
1609 1485 1532 1496 1239 1139 1099 3222 3455 3412
1709 1595 1618 1507 1273 1249 1234 3332 3482 3413
1825 1823 1668 1596 1319 1254 1237 3488 3512 3472
1850 1824 1816 1815 1350 1279 1270

(Gly-Gly)H+ b/TSd
(H2NdCH2

+)
(Gly2NH2)H+ b/

TSe (b2) (Gly-Gly-Gly)H+ c
(Gly-Gly)H+ b/TSd

(H2NdCH2
+)

(Gly2NH2)H+ b/
TSe (b2) (Gly-Gly-Gly)H+ c

25 -226 46 -17 24 1716 1336 1282 1267 1218 958
49 60 69 25 47 1727 1646 1298 1288 1267 980
73 93 84 97 59 2075 1372 1318 1331 1296 1014
95 96 129 115 63 2086 1399 1328 1361 1305 1063
149 123 226 125 79 2089 1421 1345 1382 1317 1096
238 154 258 179 82 3207 1435 1407 1412 1323 1128
282 207 305 220 92 3218 1568 1441 1422 1347 1160
349 262 356 225 183 3231 1623 1469 1581 1408 1193
412 298 434 266 214 3262 1628 1606 1586 1460 1229
508 326 457 369 260 3277 1644 1701 1630 1570 1262
521 417 493 372 285 3277 1648 1711 1636 1716 1286
538 489 564 407 310 3347 2002 2036 1657 1751 1305
582 516 569 508 327 3378 2072 2329 1702 1755 1318
587 534 600 519 350 3463 2956 2890 1953 1757 1386
652 538 623 577 385 3575 2966 2956 2025 2089 1397
687 622 698 650 417 3582 3026 2960 2968 2630 1412
935 634 764 55 441 3940 3028 3030 2984 2959 1419
946 656 918 711 500 3113 3345 3040 2969 1422
1031 930 952 801 513 3218 3399 3052 3035 1457
1059 953 969 941 593 3325 3452 3101 3406 1464
1122 958 1053 970 620 3397 3464 3198 3434 1480
1168 1010 1081 1002 630 3452 3499 3327 3437 1483
1203 1142 1174 1023 673 3452 3454 1603
1239 1146 1177 1079 681 3468 3478 1672
1275 1175 1207 1142 750 1703
1288 1275 1232 1155 948

a Vibrational frequencies were obtained from HF calculations with use of a 3-21G basis set.b Vibrational frequencies were obtained from
semiempirical calculations (AM1).c The vibrational frequencies of (Gly-Gly-Gly)H+ were taken from a single local minimum obtained from
semiempirical calculations (MNDO).d The vibrational frequencies of the transition state leading to the immonium ion were obtained from HF
calculations (3-21G) for the precursor ions of GlyH+ and GlyNH2H+ and from semiempirical calculations (AM1) for GlyNHCH3H+ and (Gly-
Gly)H+. Negative frequencies correspond to imaginary frequencies.eThe vibrational frequencies of the transition state leading to theb2 ion were
obtained from semiempirical calculations (AM1).f The vibrational frequencies for the transition state (VIc ) for the formation of they1 ion from
GlyNHCH3H+ were obtained from semiempirical calculations (AM1).
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mechanism as proposed for glycine, namely proton transfer from
the amino group to the amide nitrogen followed by the loss of
NH3 and CO (reaction 3).

As was the case for the amino acids, a large kinetic energy
release,T1/2 ) 0.30-0.37 eV, is associated with the immonium
ions formed by the decomposition of protonated amino amides.4a

On the basis of the relative energies ofIIa andIIb , calculated
at the 3-21G level in the present work, the energy increase for
the proton transfer from the amino group to the amide nitrogen
is ∼22 kcal/mol,19 much smaller than the 43 kcal/mol for the
corresponding proton transfer in glycine. A much smaller
energy is expected for the amide because the transfer is to an
amino group whose gas-phase basicity is expected to be much
higher than that of the hydroxy group in glycine.
Protonation of the amide nitrogen results in lengthening of

the C(O)-N bond, from 1.32 to 1.54 Å, indicating that the bond
is weakened but much less so than the C(O)-O bond in glycine,
which extended to∼2 Å on protonation of the hydroxy oxygen.
In order to estimate the transition state structure, the loss of
NH3 from IIb was modeled, see Figure 5, using the same
approach as described for glycine. The calculated energy
(relative to IIb ) is found to increase with increasing C-NH3

bond length, reaching a maximum of 27 kcal/mol at a bond
length of 2.5 Å (IIc ).19 The energy at larger distances is found
to decrease rapidly, coinciding with a rapid increase of the
C-CO distance.

Using the vibrational frequencies ofIIa and IIc (see Table 2)
to represent the precursor ion and transition state, a threshold
energy of 44.2 kcal/mol is obtained from the threshold curve,
Figure 4, and fitting with eq 2. The kinetic shift for this reaction
is 0.7 kcal/mol and thus very close to the 0.5 kcal/mol obtained
for glycine, Table 1. The threshold valueE0 ) 44.2 kcal/mol,
which gives the energy change betweenIIa and the transition
stateIIc , should represent a more accurate value than the low-
level theoretical result18 of 49 kcal/mol given above forIIc .
It is interesting that the transition state energies for the

formation of the immonium ion from protonated glycine and
glycinamide are so similar, 43.9 and 44.2 kcal/mol, despite the
large differences in the energies involved in the first step,i.e.
the proton transfer reaction, which for glycine is more endo-
thermic by some 21 kcal/mol owing to the lower basicity of
the hydroxyl relative to the amino group. For the second step,
which involves cleavage of the C-XH bond, the difference in
endothermicity is exactly opposite. NH3 is a better Lewis base
and thus better able to bond to the acylium ion compared with
H2O, and therefore a larger energy is required to break the
C-NH3 bond. This compensation, leading to very similar total
energies for the formation of the transition state, is due to an

expected positive correlation between the Bro¨nsted and Lewis
basicity of the leaving group. That an almost exact compensa-
tion results is somewhat surprising and must be a special case
for the type of reaction that occurs.
The threshold curves obtained for the formation of the major

fragment ions from protonated glycine methylamide (IIIa ) are
shown in Figure 6. CID ofIIIa at low collision energies leads
to the immonium ion as the major product and protonated
methylamine,+H3NCH3, as the minor product. The geometry
and corresponding vibrational frequencies ofIIIa were evaluated
from semiempirical calculations (AM1). By using eq 1 to fit
the appearance curves, the immonium ion and protonated
methylamine are found to have similar threshold energies, 60.0
and 59.8 kcal/mol, respectively. The kinetic shifts associated
with the production of these two ions are expected to be
somewhat larger than those for glycine and glycinamide due to
the extra degrees of freedom introduced by the presence of the
methyl group. We shall model the transition state and evaluate
the kinetic shift for the immonium ion here. The+H3NCH3

ion, which can be considered as ay type ion, will be examined
in section c.

The transition state leading to the immonium is expected to
be similar to that determined for glycinamide. The geometry
of the transition state (IIIc ) was obtained from semiempirical
calculations (AM1) used to model the loss of H2NCH3 from
IIIb ,20 following the same procedure as for glycine and
glycinamide. By using the calculated frequencies ofIIIc , a
threshold energy of 49.9 kcal/mol is obtained with eq 2. This
value is quite close to the threshold energy measured for
glycinamide, 44.2 kcal/mol, and is consistent with both reactions
occurring via the same type of mechanism. The energy for the
transition stateIIIc relative to that ofIIIa , evaluated with the
AM1, was 34 kcal/mol. This is significantly lower than the
threshold energy of 49.9 kcal/mol. The AM1 approach energy
is probably in error. This is also indicated by the AM1 predicted
energy for the transition state for protonated glycinamideIIc
relative to IIa which was 34 kcal/mol, while 3-21G had
predicted 49 kcal/mol, in closer agreement with the threshold
value of 44.2 kcal/mol.
The degree to which the kinetic shift is sensitive to the number

of degrees of freedom can be seen by comparing the results
obtained for glycinamide and glycine methylamide. Replacing
a hydrogen with a methyl group causes the kinetic shift to
increase from 0.7 kcal/mol for glycinamide to 10.1 kcal/mol
for glycine methylamide, Table 1.
b. CID of Protonated Glycylglycine and Glycylglycina-

mide. Mechanism and Transition State Energies for For-
mation of a1, a2, and b2 Ions. The peptide sequencing
notation,4 Scheme 2, for fragment ions will be used in the
subsequent discussion.
CID of the protonated dipeptide, glycylglycine (Gly-Gly),

results exclusively in the formation of they1 (protonated glycine)
anda1 (immonium ion) fragment ions at energies less than 50
eV (lab). From the appearance curves, shown in Figure 7, it
can be seen that they1 ion has the lower onset energy, but that
at higher energies thea1 ion becomes the dominant fragment

(19) The HF energies (in atomic units) calculated with a 3-21G basis
set are the following:E(IIa ) ) -261.9110653,E(IIb ) ) -261.876203,
E(IIc ) ) -261.8330618.

(20) The calculated AM1 energies (in atomic units) are the following:
E(IIIa ) ) -45.423633,E(IIIb ) ) -45.410295,E(IIIc ) ) -45.37007.

+H3N CH2 C

O

NH2

+H2N CH2 + NH3 + CO

H2N CH2 C

O

NH3
+

(3)
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ion. HF calculations (6-31G*) carried out by Cassadyet al.21

predict that the protonated amide nitrogen species (IVb ) is 18
kcal/mol less stable than the terminal amino protonated structure
(IVa ).

AM1 calculations were used to locate the transition state for
the formation of the unstable acyliumb1 ion whose spontaneous
decomposition, see preceding section, leads to the immonium
ion a1. The transition state for the unstableb1 ion was similar
to structuresIIc or IIIc , but with glycine as the leaving neutral
group. At the AM1 level of calculation, the transition state was
predicted to lie 17 kcal/mol higher in energy than the amide
protonated formIVb . The vibrational frequencies obtained for
the subsequent transition state are given in Table 2. From the
appearance curve and the evaluated frequencies, a threshold
energy of 43.7 kcal/mol (eq 2) is obtained for the formation of
thea1 (H2NdCH2

+) ion. This value can be compared with the
very approximate theoretical estimate of∼35 kcal/mol based
on the energy changes for the proton transfer (6-31G*) of 18
kcal/mol and the AM1 value for the transition state formation
of 17 kcal/mol. TheE0 ) 43.7 kcal/mol value from the
threshold measurement is quite close to the energies obtained
for the related decompositions where glycinamide andN-
methylglycinamide produce the H2NdCH2

+ ion: E0 ) 44.2
kcal/mol andE0 ) 49.9 kcal/mol, Table 1. Since these reactions
are similar, close lyingE0 values are expected. The kinetic shift
for the present reaction is large, 20 kcal/mol, and represents
close to one third of the threshold energy evaluated without
correction for the kinetic shift,E0 ) 60 kcal/mol, eq 1.
Obviously, the major source of uncertainty in the threshold
energies even for these small biomolecules lies in the modeling
of the transition state and the evaluation of the kinetic shift.
The appearance curves of the dominant CID fragment ions

generated from protonated glycylglycinamide (Gly-Gly-NH2)
are shown in Figure 8. The most striking feature of the
breakdown graph is the very low onset energy for the ion
produced by the loss of NH3 (m/z115). By using eq 1 to fit
the data, a threshold energy of 21.4 kcal/mol is obtained. The
ion (m/z115) should be theb2 ion (H2NCH2CONHCH2CO+),
yet the threshold energy is much lower than the threshold
energies of 45-50 kcal/mol, Table 1, for the formation of the
unstable acyliumb1 ions which led to thea1 ions from
protonated glycinamide, methylglycinamide, and glycylglycine.
The very low energy for theb2 ion suggests that this ion does
not have the acylium structure but a structure that is stable and

of lower energy. This observation is fully substantiated by the
recent proposal of Harrison and co-workers,4a who found that
the loss of HX was the dominant dissociation process in the
metastable spectra of FAB-generated peptides with the general
structure+H(H2NCHRCONHCHR′CO-X), where X) OH,
NH2, Gly, and Ala and the side groups (R) were the hydrogen
atom or alkyl groups. More importantly, the loss of XH was
not accompanied by the loss of CO as observed in the analogous
reactions involving protonated glycine or glycinamide,i.e. for
these species, thebn type ions were relatively stable and did
not decompose completely to anan ion and CO. Harrison4a

proposed that theb2 ion is not acyclic as is the case for theb1
ion obtained from glycine and glycinamide, but is stabilized
due to a cyclization leading to protonated oxazalone, see
structureVa below. Theoretical calculations which showed that
the cyclic structureVa is more stable by∼34 kcal/mol than
the acyclic acylium ion structure provided additional support
for this proposal.4a

In order to determine the kinetic shift-corrected threshold
energy for theb2 ion, the vibrational frequencies of the transition
stateVb were evaluated semiempirically,22 Table 2. By using
these frequencies and the threshold curve, Figure 8, a threshold
energy of 20.4 kcal/mol, Table 1, is obtained.

The energy difference between the transition stateVb and
the terminal amino group protonated Gly-Gly-NH2, evaluated
with the semiempirical AM1 method, is∼27 kcal/mol. This
value is not too far from the activation energyE0 ) 20.4 kcal/
mol obtained from the threshold (eq 2) determination and is in
support of the oxazalonyl cation mechanism. It is very desirable
to evaluate the activation energy with high-qualityab initio
calculations and compare it with the experimentalE0 ) 20.4
kcal/mol result. An agreement between the two results will
constitute a strong support for the oxazalone mechanism.4a

Harrisonet al.4a also found that dissociation of energized
cyclic b2 ions occurs by loss of CO to give the corresponding
a2 ion. The kinetic energy release determined4a for this reaction
was quite large,T1/2 ≈ 0.5 eV. On the basis of calculations,
the authors predicted that the loss of CO from the oxazalones
proceeds via ring opening to give the acyclic acylium ion, from
which loss of CO is exothermic. For theb2 ion, HCONHCH2-
CO+, the energy barrier associated with ring opening and loss
of CO was calculated to be 1.49 eV, or 34 kcal/mol.4a

CID of protonated Gly-Gly-NH2 leads also to formation of
ana2 ion, H2NCH2CONHCH2+, with a threshold energy ofE0
) 69 kcal/mol (eq 1, Table 1, Figure 8). The transition state
was not modeled, and we are not able to say whether the
threshold energy is consistent with a direct dissociation mech-
anism via the acylium ions analogous to the mechanism for the
formation of thea1 ions from the glycinamides, or a mechanism
which involves formation of an excited oxazalone followed by
oxazalone ring opening and loss of CO.
The formation of a stableb2 ion was not observed for

protonated Gly-Gly, Figure 7. The proton transfer from the
terminal NH2 to the OH group requires a very much higher

(21) Zhang, K.; Zimmerman, D. M.; Chung-Phillips, A.; Cassady, C. J.
J. Am. Chem. Soc.1993, 115, 10812.

(22) The geometry of theVb was obtained, using semiempirical
calculations (AM1), by varying the C-NH3 bond length and optimizing
the remaining degrees of freedom. The energy maximum (E) -69.993005
au) was located at a bond length of 5.0 Å.

Scheme 2
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energy than is the case for Gly-Gly-NH2; see the analogous case
for glycines: structuresIa, Ic andIIa , IIb . On this basis, the
formation of theb2 ion from Gly-Gly-OH would require a much
higher threshold energyE0. One might consider that this higher
energy might be inducing the complete decomposition of the
b2 ion to the a2 ion, but the formation of ana2 ion is not
observed for Gly-Gly, Figure 7. Notably, formation ofa2 is
observed for Gly-Gly-NH2 at the expected higher energy, Figure
8. The question why ana1 ion is observed but ana2 ion is not
observed from Gly-Gly, even though the two dissociations might
require very similar activation energies, can be answered by
the following proposed explanation. The formation of thea1
ion requires the initial protonation of the amide nitrogen which
is of much lower energy than the protonation of the OH group
required for thea2 ion formation. Endothermic proton transfer
by proton bridged cyclic intermediates to basic sites such as
amide nitrogens may be expected to be very much faster than
the subsequent transition state formation. So much so that a
quasiequilibrium of protonated sites with different basicities may
be expected. Under such a condition a very much faster
decomposition may be expected from the site with the higher
basicity (i.e. amide nitrogens) than the site at low basicity (i.e.
OH), even when the activation energies for the two decomposi-
tions are the same. Therefore, for Gly-Gly, the decomposition
from the protonated amide group will be much faster than the
decomposition from the OH protonated group and the formation
of thea2 ion will be supressed.
c. Mechanism and Transition States for the Formation

of y1 Ions from Protonated Glycine Methylamide, Glycyl-
glycine, and Glycylglycinamide. A y1 type ion (protonated
glycine), see Scheme 2, is obtained from CID of protonated
Gly-Gly-OH, Figure 7, and Gly-Gly-NH2, Figure 8. Formation
of ay type ion involves the transfer of a proton and a hydrogen
atom to the amide nitrogen. The protonated methylamine
product ion observed from CID of protonated glycine methyl-
amide, see Figure 6, can also be considered as any1 ion.
Based on CID experiments carried out on (Phe-Phe-Phe-

(d5)+D)+, Mueller et al.23 concluded that the transferred
hydrogen associated with the formation of they ions from the
CID of protonated peptides originates from the nitrogen on the
N-terminal side of the cleavage site. Additional insight into
this reaction has been obtained from neutralization-reionization
mass spectrometry experiments, carried out by Cordero and co-
workers,16 which identified the neutral that is lost in the
formation of they1 ion from (Ala-Ala)H+ as a cyclic aziridinone
molecule. The aziridinone neutral expected in the formation
of the y ion, +H3N-CH2CO2H, from CID of protonated
glycylglycine is shown below:

To our knowledge, no detailed evaluation of the mechanism
and transition state leading to they1 ion has been reported. In
the absence of a more detailed analysis, we propose the
mechanism shown in Scheme 3, which is written for glycyl
methylamide. Replacing the CH3 with CH2CO2H or CH2-
CONH2 would lead to the proposed scheme for glycylglycine
or glycylglycinamide. Semiempirical calculations with AM1
were used to locate the transition stateVIc . Intermediate

structures between the amide protonated structureVIb and the
transition stateVIc were evaluated, which represented the
gradual cyclization and the simultaneous cleavage of the
carbonyl carbon to the amide nitrogen bond. These structures
showed that the transition is assisted by the hydrogen bond seen
in the transition state and this hydrogen bond also leads to the
second hydrogen transfer required for the formation of the final
products. The energy of the transition stateVIc relative toVIa
was predicted as 49 kcal/mol while the overall reaction
endothermicity was 51 kcal/mol. The transition state was
selected atVIc because this state is more entropically con-
strained than the slightly more endothermic transition to the
productsVId . The vibrational frequencies of the transition state
VIc , see Table 2, were used to fit they1 ion threshold curve,
see Figure 6, and a threshold energy ofE0 ) 48.5 kcal/mol (n
) 1.08) was obtained. This threshold value together with∆Sq

are given in Table 1. The threshold energy happens to agree
very closely with the AM1 evaluated energy of the transition
state of 49 kcal/mol; however, this close agreement is not very
significant since the energy predictions of the AM1 method are
not reliable to within several kcal/molssee previous results for
the immonium ion.
A threshold energy of 49.9 kcal/mol for they1 ion is also

shown in Table 1. This value was obtained by fitting they1
ion threshold curve, Figure 6, with eq 2 and the frequencies for
the transition state for the formation of thea1 ion (Table 2).
This result illustrates that the threshold energy is not very
sensitive to the exact values of the frequencies used when the
entropies of the transition states are fairly similar, as is the case
here (∆Sq ) 4.6 cal/(deg mol) fory1 and 5.8 cal/(deg mol) for
a1), see Table 1.
The thresholds for they1 ion formation from protonated Gly-

Gly could not be fitted with eq 2 because no calculations for
the transition state frequencies were performed. The threshold
for they1 ion from Gly-Gly,E0 ) 54.1 kcal/mol (eq 1), is lower
than that for Gly-NHCH3, E0 ) 59.8 kcal/mol (eq 1), and since
the kinetic shift for Gly-Gly is expected to be larger, the kinetic
shift correctedE0 for y1 ion formation from Gly-Gly is expected
to be close to 10 kcal/mol lower than theE0 ) 48.5 kcal/mol,
eq 2, value for Gly-NHCH3. Assuming that Gly-Gly decom-
poses by a transition state similar to that forVIc , the question
arises, why are the energies so different? It is possible that for
Gly-Gly, the carbonyl group of the C terminus provides some
stabilization by H bonding to the bridging proton in theVIc
analogous structure and in the formation of the protonated
producty1 ion. Such an assistance could lower the transition
state energy by several kcal/mol, although an adverse entropic
change will reduce somewhat the overall effect.
The thresholds (eq 1) fory1 anda1 from Gly-GlyNH2, E0-

(y1) ) 69 kcal/mol andE0(a1) ) 82 kcal/mol, are much higher
(23) Mueller, D. R.; Eckersley, M.; Richter, W. J.Org. Mass Spectrom.
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than the corresponding thresholds for Gly-Gly,E0(y1) ) 54.1
kcal/mol andE0(a1) ) 64.9 kcal/mol, Table 1. This large
difference is probably due to a competitive kinetic shift,i.e.
the effect of the much faster low threshold reaction leading to
b2 ions for Gly-GlyNH2, which kinetically suppresses the other
dissociation reactions.
d. Threshold Curves for Protonated Gly-Gly-Gly and

Gly-Gly-Gly-Gly. The CID threshold graph of protonated Gly-
Gly-Gly is shown in Figure 9. Theb2 ion is again found to be
formed in the lowest energy process. However, the onset
energy, 54.5 kcal/mol (eq 1),24 is considerably higher than that
measured for glycylglycinamide (21.4 kcal/mol). Although we
have not attempted to model the kinetic shift for this reaction,
this increase of some 33 kcal/mol in the observed threshold
energy is believed to reflect not a change in activation energy
but an increase in the kinetic shift due to the addition of the
extra glycine residue.
Thea1 ion, which has the second lowest onset energy, exhibits

a relatively small cross section up to∼4.5 eV. Above this
energy the cross section increases much more rapidly with
collision energy, indicating that additional reaction pathways
are contributing to the ion intensity. This is expected since the
immonium ion (a1) is a major decomposition product of all of
the larger fragment ions.
At a collision energy of approximately 2.5 eV, the onset of

they1 andy2 ions is observed. Initially, they2 ion cross section
increases much faster with collision energy compared to they1
ion. The neutral lost in the formation of they2 will be the
aziridinone as previously discussed. In the case of they1 ion,
the hydrogen atom that is transferred can orginate either from
the terminal nitrogen or from the adjacent amide nitrogen. The
neutral that is formed will then correspond to either a dike-
topiperazine or a substituted aziridinone molecule. There is
experimental evidence that the diketopiperazine, which is
expected to be thermodynamically more stable than the tight
three-membered cyclic aziridinone, is in fact the neutral that is
lost in the formation of they1 ion from tripeptides.16 The small
initial cross section observed for they1 ion is likely due to the
much faster reaction occurring at that same amide bond leading
to theb2 ion. At ∼5 eV one observes a sharp increase in the

y1 appearance curve; this is due to the decomposition ofy2 into
y1 anda1 ions. By using eq 1 to fit the data, they2 threshold
energy is found to be 73.1 kcal/mol. Due to the kinetic shift
and kinetic supression of this pathway by theb2 reaction, this
threshold energy substantially overestimates the true activation
energy, which is expected to be<38 kcal/mol, based on the
glycylglycine results.
It is interesting to compare the relative ion abundances

obtained from our low-energy experiments with those obtained
from high-energy CID.25 Under high-energy conditions, theb2
ion is found to be the dominant ion produced, with the only
other significant fragment being they2 ion. The relative ion
abundances at high energy therefore correspond to what we
observe at very low collision energies (see Figure 9). A survey
of the the high-energy CID spectrum of other protonated
tripeptides reveals that theb2 andy2 ions are always observed
as major fragment ions.
The largest system examined in the present work is protonated

Gly-Gly-Gly-Gly, which contains three amide bonds at which
cleavage can occur. The breakdown graph for this ion is shown
in Figure 10. The two dominant low-energy fragment ions are
they2 andb2 ions which originate from cleavage of the middle
amide bond. Somewhat surprisingly, it is they2 ion that has
the lowest observed onset energy, in contrast to what was
observed with Gly-Gly-Gly. It is not clear whether this lower
observed onset energy for they2 ion is the result of a lower
activation energy or whether this reflects faster dissociation
kinetics (i.e.a smaller kinetic shift). The threshold energies of
the y2 andb2 ions, determined by using eq 1, are 63 and 79
kcal/mol respectively.26,27 Also observed in the breakdown
graph are they1, y3, a1, andb3 ions with similar onset energies.
The reaction cross sections for these fragment ions are much
lower than those observed for theb2 and y2 ions, suggesting
much slower dissociation kinetics for cleavage of the amide

(24) No detailed search for the lowest energy geometry of protonated
Gly-Gly-Gly was performed; the internal energy distribution of the precursor
ion was evaluated by using the vibrational frequencies of a single local
minimum obtained from semiempirical calculations. The average internal
energy obtained with these frequencies is 7.2 kcal/mol. This is close to
what one would have estimated based on the average internal energies
obtained for protonated glycine, 1.7 kcal/mol, and glycylglycine, 4.4 kcal/
mol.

(25) Kulik, R. W.; Heerma, W.Biomed. EnViron. Mass Spectrom.1989,
18, 910.

(26) Since the vibrational frequencies for the precursor ion were not
calculated, theE0 values given in Table 1 were obtained by fitting the
threshold curves in Figure 10 by eq 0,σ ) σo(E - E0)n/E, for origin of
equation see Armentrout.7 The thresholdE0 obtained with eq 0 was increased
by the average internal energy of the precursor ion at 300 K, which was
estimated to be 10 kcal/mol. This estimate was based on the thermal energies
quoted above.24 It has been our experience that when the vibrational
frequencies were available and threshold valuesE0 were obtained with eq
1, these values were well approximated by the threshold obtained with eq
0 augmented by the average internal energy. However, this does not seem
to be the case always. For a contrasting example, see Schultzet al.27

(27) Schultz, R. H.; Crellin, K. C.; Armentrout, P. B.J. Am. Chem. Soc.
1991, 113, 8590.

Figure 9. Appearance curves of theb2 (b), y2 (O), a2 (2), a1 (0), and
y1 (4) fragment ions from CID of (Gly-Gly-Gly)H+.

Figure 10. Appearance curves of theb2 (b), y2 (9), a2 (0), b3 (2), y3
(+), a1 (4), andy1 (O) fragment ions from CID of (Gly-Gly-Gly-Gly)-
H+.
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bonds at either end of the peptide compared with the middle
bond. It is not clear why CID leads preferential cleavage at
the middle amide bond, and this question deserves further
investigation.
The relative ion abundances in Figure 10 differ substantially

from those observed in the metastable4aand CID28 spectrum of
the FAB-generated peptide. In both cases, they2 ion is observed
as the major fragment ion; similar to our results, however, the
b4 and to a lesser extent theb3 ions are also observed in large
abundance. Theb4 ion, which is formed by the loss of H2O, is
especially interesting since we observe it only as a very minor
fragment ion. Loss of H2O is in fact a common process in the
decomposition of FAB-generated polyglycines and alanines.4a,28

In our measurements also theb3 ion was essentially absent in
the Gly-Gly-Gly spectrum and theb2 from the Gly-Gly
spectrum. On the other hand, theb2 ion was the major product
from Gly-GlyNH2, see Figures 7-9. The observation of ab2
ion from the amide but not from the acid was attributed to the
much lower endothermicity of the amide NH2 relative to the
OH protonation, see section b of the Discussion. The high
abundance ofbn ions from the (Gly)n acids observed with FAB
ionization indicates that for some reason the FAB process
produces a higher abundance of OH-protonated precursor ions.

IV. Conclusions

The present work details the first attempt to quantify the
dissociation energetics of small protonated peptides with energy-
resolved CID. At low collision energies (<10 eV, CM), ions
with the general structure+H(H2N-CH2-CO-X) are found to
dissociate primarily at the C-X bond. For X) OH, NH2,
NCH3, and NHCH2COOH, the immonium ion (ora1 ion) was
observed as a major fragment ion. The energetics for this
reaction were found to be relatively insensitive to the nature of
X, with threshold energies lying between 44 and 50 kcal/mol.
The threshold energies were found to be close to the theoretically
evaluated activation energies for transition states which conform
to a mechanism proposed by Harrison and co-workers.15b

When X was NHCH3 or NHCH2COOH a second dissociation
pathway is found to operate leading to XH2+ (y1) as the fragment
ion. The threshold energies for that process were somewhat
lower than the quoted energies for thea1 ion. The transition

state for they1 formation from X) NHCH3 was modeled on
the basis of the aziridinone structure for the neutral product
proposed by Wesdemiotis and co-workers16 and found in
agreement with the threshold energy.
The lowest energy CID fragment ion observed for ions with

the general structure Gly-Gly-NH2 and Gly-Gly-Gly is found
to be theb2 ion, corresponding to the loss of neutral HX. In
the case of glycylglycinamide, the threshold energy for this
reaction was measured to be 20.4 kcal/mol. This very low
threshold energy is consistent with theb2 ions undergoing
cyclization, leading to a protonated oxazalone structure, as
proposed by Harrison and co-workers.4a

While the agreement observed between the threshold energies
and the theoretically evaluated activation energies for the above
three reaction types is encouraging, theoretical evaluations at a
much higher level are required for a convincing confirmation.
The observed onset energies for the fragment ions of

precursors larger than glycinamide are found to be significantly
affected by kinetic shifts. For example, the kinetic shift
observed for thea1 ion produced from glycine is 0.5 kcal/mol,
while for glycylglycine it increases to 21 kcal/mol. An
additional source of large kinetic shifts stems from the competi-
tive nature of the dissociation processes that occur. Fast
processes, with large relative rate constants, tend to kinetically
suppress other pathways which may be energetically accessible
but proceed at a slower rate. As a result of these two factors
and the increasing dificulty to model the transition states
involved, the uncertainty associated with CID threshold energies
increases as the size of the ion and number of fragment ions
increases.
Even though there appears to be a limitation to the size of

peptide (up to and including tripeptide) that can lead to useful
threshold determinations, much interesting work within this
limitation remains to be done. This would involve residues other
than glycine and particularly residues with basic groups which
are known to affect strongly the fragmentation pathways.
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