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Editorial
Eur. Mass Spectrom. 1, 1 (1995)

  Editorial  

“What! Another mass spectroscopic Journal” some readers
will say. Yes it is. And here is the reason why. It is felt that
there is a place for a journal of independent spirit, born in a
mature cultural tradition, and that is just what European Mass
Spectrometry (EMS) is going to provide. The unique organi-
sation of the Journal will ensure, through its Managing Board,
close contact between the Publisher and the authors and
readers. Although European in conception, its aim is to pub-
lish original and important papers from every continent. A
glance at the membership of the Managing Board, the Edito-
rial Advisory Board and at the authors of the papers will show
the international nature of the Journal.

The present time is redolent of the heady days of the winter
of 1968 when the first mass spectrometric journal was
launched. As Editor-in-Chief, along with an enthusiastic band
of Regional Editors and of members of the Editorial Advisory
Board, I was responsible for guiding the Journal for the first
22 years. On relinquishing the post, I was given the title of
Founder Editor-in-Chief and so continued my association
with the Journal. The years were happy ones, though not
without stress at times. Journal publishing is strongly quan-
tised. There are only two states—insufficient papers to fill a
respectable issue or so many as to entail a backlog.

What are the differences between 1968 and 1995? In my
first Editorial I commented upon the then state-of-the-art.
Organic mass spectrometry reached maturity when the well-
established concepts of mechanistic physical organic chemis-
try were applied to the interpretation of fragmentation
behaviour under electron impact. In addition, at that time,
“one of the very attractive features of the field of mass spec-
trometry ... was the camaraderie that existed between workers
in the field”. The situation has now changed. In the first place
the development of new ionization techniques such as neu-
tralization–reionization multi-sector experiments, fast atom
bombardment, electrospray and so on has radically extended

the range of compounds that can be subjected to mass spec-
trometric investigation. Much of the work involves analysis of
compounds sometimes with little attention, unfortunately,
being paid to the physics/chemistry of the underlying proc-
esses. While all such papers are of considerable practical
importance some may contribute less to the understanding of
mass spectrometric processes. Second, the number of workers
in the field has expanded enormously—to such an extent that
it is no longer easy to keep abreast of what other workers are
doing, except in fields closely related to one’s own. This
makes the literature of extreme importance. Significantly,
where there is not a difference between 1968 and 1995 is in
the need for the recognition of mass spectrometry as a schol-
arly pursuit of high repute. Multi-disciplinary fields in all
areas of science pose a special challenge of maintaining
standards. To adapt the old adage a mass spectrometrist could
be said to “talk chemistry to physicists and physics to chem-
ists”. While amusing, this contains more than a grain of truth.
Meeting this challenge of maintaining an objective evaluation
of material submitted will be the primary object of the editorial
team. And I am confident, knowing the people involved, that
it will be met.

European Mass Spectrometry has assembled a group of
Editors and an Editorial Advisory Board all members of which
have had wide experience in editing and advising. The team
is enthusiastic and hard working which bodes well for the
success of the Journal. We have a publisher who is sympathetic
to the needs of the mass spectrometric community and who is
forward looking. So all is set fair for the success of EMS. But
in the long run this success depends on you, the authors and
readers of the journal.

Allan Maccoll
Chairman, Managing Board

Eur. Mass Spectrom. 1, 1 (1995) 1
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Rearrangement by Intermediate Ion/Neutral Complexes during the McLafferty Fragmentation of Unsatu-
rated Ketones

S. Dohmeier-Fischer, N. Krämer and H.-F. Grützmacher, Eur. Mass Spectrom. 1, 3–10 (1995)

Rearrangement by intermediate ion/neutral complexes during the McLafferty
fragmentation of unsaturated ketones

Silvia Dohmeier-Fischer, Nicolai Krämer and Hans-Friedrich Grützmacher*

Lehrstuhl I für Organische Chemie, Fakultät für Chemie der Universität Bielefeld, PO Box 10 01 31, D-33501 Bielefeld, Germany.

The fragmentation of 1-phenylhex-5-ene-1-one 1 was studied by mass analyzed ion kinetic energy spectrometry of its
deuterium and 13carbon labelled derivatives as a further example of interactions within ion/neutral complexes. The analysis
of the MIKE spectra demonstrate two important reaction channels of metastable molecular ions. The first one is a McLafferty
rearrangement by elimination of a 1,3-butadiene molecule. The second energetically even more favoured fragmentation
corresponds to the loss of an ethyl radical. The MIKE spectra of labelled molecular ions, especially that of the 13carbon labelled
compound, indicate a skeletal rearrangement specifically of the butenyl moiety of the alkyl side chain by interchanging the
terminal carbon atoms C-6 and C-5 with the inner C atoms C-3 and C-4 prior to the loss of the ethyl radical. This specific
skeletal rearrangement is explained by an internal return within an intermediate ion/neutral complex f , consisting of the
acetophenone enol radical cation and the neutral butadiene, by addition of the enol radical cation to the remote double bond
of the diene. The second reaction channel is the irreversible cyclization of an intermediate distonic ion c leading to the
formation of an ionized ethyl-α-dihydronaphthol d. This ion is stabilized by loss of an ethyl radical resulting in protonated
α-naphthol e.

Introduction

The fragmentation of radical cations of carbonyl com-
pounds by transfer of a hydrogen atom from the γ-position to
the carbonyl-O and cleavage of the α,β-bond, i.e. the McLaf-
ferty rearrangement,1 is one of the most reliable and useful
mass spectrometric fragmentation mechanisms for structural
analysis of organic compounds. The mechanism of this frag-
mentation has been studied much in detail,2 and it has been
shown that typically the fragmentation occurs by at least two
reaction steps, the transfer of the γ-hydrogen atom to the
carbonyl oxygen resulting in a γ-distonic ion and the sub-
sequent bond cleavage to an enol and an alkene with the charge
residing at the product of lowest ionization energy. The for-
mation of an intermediate γ-distonic ion during the process
provides a rationale for the apparent loss of site specifity of
the hydrogen atom transferred in long-lived radical cations
fragmenting as metastable ions in the mass spectrometer.

In 1980 Longevialle and Botter3 described the fragmenta-
tion of molecular ions of amino steroids via a complex of the
ionized and neutral fragment resulting from the mass spectro-
metric bond cleavages. In the mean time there is overwhelm-
ing experimental evidence4 for  fragmentations v ia
intermediate ion/neutral complexes in particular of long-lived
and low energy ions studied by metastable ion techniques,5

and the conditions essential for an intercession of these com-
plexes in the course of unimolecular fragmentations of gase-
ous ions have been discussed thoroughly.6 It has also been
shown that similar intramolecular reactions can be observed
in molecular clusters after photoionization.7 The mobility of
the components within low energy ion/neutral complexes
arising from unimolecular fragmentations of metastable ions
is apparently quite large. Although most of the mass spectro-
metric fragmentations mediated by ion/neutral complexes are
hydrogen abstractions by a leaving radical next to the point of
initial bond cleavage8 the observation of Longevialle and
co-workers3,9 as well as examples reported by Audier et al.,l0

Kuck et al.1l and by our groupl2 clearly demonstrate long-
range interactions by rotations of the components within
the ion/neutral complex. These results prove that the ion
explores distant regions of the neutral component for
energetically favourable reactions.

The bond breaking step of the γ-distonic ion during the
McLafferty rearrangement of a ketone molecular ion may
result in an ion/neutral complex consisting of an enol and an
alkene with the charge residing on the component with the
lowest ionization energy. Fast bimolecular addition reactions
are observed between the radical cations of enol ethers and
alkenes.l3 Thus, an “internal return” of the components of the

S. Dohmeier-Fischer, N. Krämer and H.-F. Grützmacher, Eur. Mass Spectrom. 1, 3–10 (1995) 3

© IM Publications 1995, ISSN 1356-1049



intermediate ion/neutral complex of a McLafferty rearrange-
ment yielding the original γ-distonic ion as well as a rearranged
new γ-distonic ion is feasible. Following our first report14 of
an internal return of intermediate enol radical cation/alkene
complexes the role of intermediate ion/neutral complexes
generated by the McLafferty rearrangement has been con-
firmed15 and has been examined in detail by theoretical and
experimental methods.l6,17 Although these studies clearly
show that ionized enols add to alkenes forming γ-distonic ions
or even ionized cyclobutanols17 the rearrangement of ketone
molecular ions by a formal 1,2-enol shift can also be described
by conventional mechanisms.18 It is therefore of interest to
look for examples where the enol shift has to occur over larger
molecular distances. Candidates for this type of long-range
rearrangement are molecular ions of unsaturated carbonyl
compounds which fragment to an ionized enol and a diene
(Scheme 1). Internal return of the corresponding ion/neutral
complex may occur by reaction at the distant carbon double
bond giving rise to a rearranged γ-distonic ion. After a prelimi-
nary inspection of some unsaturated ketones and esters we
chose 1-phenylhex-5-ene-1-one (1) as a model compound.
There is only one aliphatic chain involved in the McLafferty
rearrangement of the molecular ions of this aromatic ketone
giving rise to the enol of acetophenone and butadiene with the
charge clearly staying with the aromatic enol. However, dou-
ble bond migration along an aliphatic chain prior to decom-
position is well known for alkene molecular ions, hence we
included the double bond isomers 2, 3 and 4 in this study. The
course of the fragmentations of the molecular ions of 1 was
observed by labelling with 13C and D and by using metastable
ion techniques. The results show that the molecular ions of 1
fragment indeed after deep-sited rearrangements including an
interchange of internal and terminal carbon atoms of the
pentenyl side chain.

Experimental

The EI mass spectra were obtained by a Finnigan MAT
CH5 D double focussing mass spectrometer19 using 70 eV
electron energy, accelerating voltage 3 kV and a heated batch
inlet system. The structures of compounds synthesized as
described below were confirmed by 1H NMR spectrometry

using a Bruker AM 300 instrument20 and CD3Cl as solvent.
All compounds were purified by distillation or column chro-
matography on silica gel (KG 60; 0.063–0.200 mm) with a
mixture of petroleum ether/ethyl acetate (20 : 1) as eluents. 

Compounds

1-Phenylhex-5-ene-1-one (1) was prepared by Grignard
reaction of phenylmagnesium bromide with hex-5-enoic acid
chloride in the presence of 3 mol% Fe(III)-acetyl-acetonate.2l

1H NMR (CDCl3): δ = 1.83 (2H, quint., 3J = 7 Hz, CH2), 2.15
(2H, q., 3J = 7 Hz, CH2), 2.99 (2H, t., 3J = 7 Hz, CH2), 5.01
(2H, m., CH2=CH), 5.68 (1H, m., CH2= CH), 7.43 (2H, m.,
arom. H), 7.53 (1H, m., arom. H), 7.94 (2H, m., arom.H). MS
(70 eV) see Table 1.

Structures.

Scheme 1.
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1-Phenylhex-2-ene-1-one (2) was obtained by aldol con-
densation of acetophenone and butanal22. 1H NMR (CDCl3):
δ = 0.98 (3H, t., 3J = 7 Hz, CH3), 1.57 (2H, sext., 3J = 7 Hz,
CH2), 2.30 (2H, dq., 3J = 7 Hz, 4J = 1 Hz, CH2), 6.89 (1H, dt.,
3J = 15 Hz, 4J = 1 Hz, CO–CH=CH–CH2), 7.06 (1H, dt., 3J =
15 Hz, 3J = 7 Hz, CO–CH=CH–CH2), 7.44–7.59 (3H, m.,
arom. H), 7.93 (2H, m., arom. H). MS (70 eV) see Table 1.

1-Phenylhex-3-ene-1-one (3) was synthesized by Grignard
reaction of phenylmagnesium bromide with hex-3-enoic acid
chloride in the presence of 3 mol% Fe(III)-acetylacetonate.
CH2Cl2 was used for chromatography in this case. 1H NMR
(CDCl3): δ = 0.99 (2H, t., 3J = 7 Hz, CH3), 2.08 (2H, m.,
CH2–CH=CH), 3.70 (2H, m., CH2–CO), 5.67 (2H, m.,
CH=CH), 7.44–7.57 (3H, m., arom. H), 7.97 (2H, m. arom.
H). MS (70 eV) see Table 1.

1-Phenylhex-4-ene-1-one (4) was prepared by heating
methylvinylcarbinyl benzoylacetate for three hours at
240°C.23 1H NMR (CDCl3): δ = 1.65 (3H, m., CH3), 2.43 (2H,
m., CH2–CH=CH),3.04 (2H, t., 3J = 7 Hz CH2–CO), 5.51 (2H,
m., CH=C–H), 7.44–7.59 (3H, m., arom. H), 7.97 (2H, m.,
arom. H). MS (70 eV) see Table 1.

Labelled compounds

1-Pentadeuterophenylhex-5-ene-1-one (la) was obtained
analogously to 1 but by using pentadeuterophenylmagnesium
bromide. %D-content >96% (by 1H NMR). 

6-13C-1-phenylhex-5-ene-1-one (1b) was synthesized by a
Wittig reaction of 2-phenyl-2-(4-oxobutyl)-1,3-dioxolane and
13C-methylphosphonium iodide in THF using NaH as a base.
Mol% 13C (by mass spectrometry): >90% 13C1. 

6-Dideutero-1-phenylhex-5-ene-1-one (1c) was prepared
analogously to 1b but by using trideuteromethylphosphonium
iodide. Mol% D (by mass spectrometry): 42% d2, 43% d1, 15%
d0.

2-Dideutero-1-phenylhex-5-ene-1-one (1d) was obtained
by exchanging the acidic H atoms next to the carbonyl group
of 1 by treatment of 1 three times with excess D2O/NaOD in
THF. Mol% D (by mass spectrometry): 89% d2, 10.5% dl,
0.5% d0.

MIKE spectra of the parent and fragment ions were meas-
ured by a Fisons VG ZAB 2F double focussing mass spec-
trometer24 using 70 eV electron energy, electron trap current
100 µA, 6 kV accelerating voltage and introduction of the
samples by a home-made direct inlet system at ambient tem-
peratures. The ions studied were focussed magnetically into
the second field free region (2nd FFR) of the instrument and
the ions arising in the 2nd FFR by unimolecular fragmenta-
tions were recorded by scanning the voltage across the elec-
trostatic analyzer. Three spectra were measured to get the
average intensities.

CA spectra were measured by a Fisons VG ZAB 2F Instru-
ment and/or by a Fisons AutoSpec mass spectrometer24 under
the usual conditions. The ions studied were focussed magneti-
cally into the field free region following the magnetic sector
and were activated by collisions with Ar in the collision cell
of that region. The pressure of the collision gas was adjusted

so that the main beam of ions was attenuated to 50%. The CID
product ions were recorded by scanning the voltage across the
electrostatic analyzer following the collision cell.

Results and discussion

The 70 eV EI mass spectra of the phenylketones 1–4 are
shown in Table 1. As expected the signal of the benzoyl ions,
m/z 105, is always the base peak in the mass spectra, and the
decomposition of metastable ions show that the benzoyl ions
are formed by α-cleavage of the molecular ions as well as by
methyl loss from the McLafferty product ions at m/z 120.
Besides the signals of this McLafferty product ion, m/z 120,
and the molecular ions, m/z 174, the mass spectra exhibit
distinct peaks of fragment ions m/z 159 and m/z 145 arising
from losses of methyl and ethyl radicals, respectively, from
the molecular ions. The formation of the McLafferty product
ions from 2 and 3 entails H migration and double bond shifts
along the pentenyl side chain of the ketone. Similarly, the
elimination of an ethyl radical from 1 and 4 is only possible
after rearrangements. The different relative abundances of
these fragment ions, however, can be easily correlated with
the fragmentation abilities of the original structures of the
compounds. Thus, the rates of rearrangement by H migration
and by fragmentation are similar for the molecular ions de-
composing in the ion source.

Competition between rearrangement and fragmentation is
corroborated by the MIKE spectra of 1–4 listed in Table 2. For
convenience the relative intensities were normalized to the

intensity of ions m/z 105. The formation of this ion m/z 105
by α-cleavage is not influenced much by the specific structure
of the pentenyl chain. Therefore, a normalization of the other
fragment ion intensities to the ion m/z 105 intensity reflects
clearly structural effects on the other fragmentation reactions.
With the exception of 4 the MIKE spectra display a prominent

Compounds 1 2 3 4

M+• m/z 174  17  28  16  11

M+•–2 m/z 172 —  10   7 —

M+•–15 m/z 159   1   5   5   3

M+•–17 m/z 157 —  19  15   2

M+•–29 m/z 145   2  10   7   5

M+•–43 m/z 131   1   6   4   4

M+•–54 m/z 120  48   7   1   8

M+•–69 m/z 105 100 100 100 100

M+•–77 m/z 77  46  51  36  33

Table 1. 70 eV mass spectra, characteristic signals of com-
pounds 1 to 4, relative intensities (%).
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peak of the McLafferty product ion at m/z 120 of similar
intensity. Further, the relative abundances of the ions m/z 145
formed by ethyl loss have increased considerably compared
to the EI mass spectra proving that the loss of the ethyl radical
from the molecular ions needs less energy than the McLafferty
rearrangement. Both fragmentations require hydrogen migra-
tions prior to decomposition and are expected to be more
advanced in metastable ions but the distinct differences in the
MIKE spectra of 1–4 show that an equilibrium mixture of ion
structures is not achieved.

To detect fragmentations of the molecular ions of 1 by
intermediate ion/neutral complexes the MIKE spectra of the
labelled 1-phenylhex-5-ene-1-ones 1a–1d were analyzed (Ta-

ble 3). In the MIKE spectrum of the pentadeuterophenyl
derivative 1a all peaks are clearly shifted by five mass units.
Thus, the hydrogen atoms at the aromatic ring are not involved
in the rearrangements and fragmentations. However, in the
case of the derivatives 1c and 1d deuterated specifically at the
pentenyl chain the MIKE spectra expose the expected H/D-
migrations within the aliphatic moiety. In view of these hy-
drogen migrations the MIKE spectrum of the l3C-labelled
compound 1b is of special interest and more easy to analyze.
This spectrum shows complete loss of the l3C-label for ions
m/z 105, m/z 120 and m/z 133 as expected for α–cleavage at
the carbonyl group, McLafferty rearrangement and allylic
bond cleavage, respectively. Unexpectedly, however, the
peaks due to loss of a methyl radical and an ethyl radical
originally at m/z 159 and m/z 145 are split 1 : 1 into peaks at
m/z 159/160 and at m/z 145/146. Obviously the 13C atom has
migrated from its terminal position into an inner position of
the pentenyl chain. For a perception of this rearrangement the
structure of the [M–C2H5]+ must be known.

In view of the energetically favourable transfer of an allylic
hydrogen atom in the McLafferty rearrangement2 and the

stability of both rearrangement products the strong competi-
tion by the loss of an ethyl radical from metastable molecular
ions of 1 is only possible if a stable ion m/z 145 is formed. It
is known that the γ-distonic ion generated in the first step of a
McLafferty rearrangement may rearrange further by a cycli-
zation step. A cyclization of the phenyl substituted γ-distonic

1 T50
a 2 T50

a 3 T50
a 4 T50

a

m/z 173 108±4 204±9  95±9  19±1

m/z 159   6±3  32±5  18±4   5±1

m/z 156   3±2 — —   2±1 50

m/z 145  42±3 65 156±5 61 120±17 33  32±3 50

m/z 133  10±3   9±1   5±2 —

m/z 132   3±1   9±1   4±2 —

m/z 131   3±1   9±1   6±3   3 ±1

m/z 120  39±6 49  58±3 57  33±5 35   4±1 —

m/z 105 100±3 51 100±17 32 100±16 29 100±7 19
aKinetic energy release (meV) determined at 50% peak height.

Table 2. MIKE spectra of the compounds 1–4, relative peak
intensities (%).

  m/z 1a 1b 1c 1d 1e

  105 100 100 100 100

  110 100

  120  39  52  28  14

  121  31  18

  122   9

  125  45

  131   3   4   6   1

  132   3   3   4   4

  133  10  12   6   4

  134   9   6

  135   1

  136   6

  138  11

  145  42  17  15  15

  146  17  17  10

  147   7   8

  150  34

  156   3

  157   2   1

  158   3

  159   6   3   5   1

  160   3   3

  161   5

  164   9

  173 108

  174 151

  175 132 132

  177  25

  178 24

Table 3. MIKE spectra of the metastable molecular ions of the
ketones 1a–1e [relative to (m/z 105) peak intensities, %].
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ion a (Scheme 2) derived from the molecular ion 1 to an
ionized cyclobutanol25 b can be excluded because the expected
fragmentation25d of b into ions m/z 146 is not observed.
However, it has been suggested that the molecular ions of alkyl
phenyl ketones and of 1-tetralol interconvert26 via the γ-dis-
tonic ion.26b The cyclization of the phenyl substituted γ-dis-
tonic ions by attack of the phenyl group is followed by
elimination of H2O. Indeed, the MIKE spectrum of 1 exhibits
a small peak at m/z 156 due to loss of H2O. However, hydrogen
rearrangements either before or after the cyclization of the
γ-distonic ion a (Scheme 2) result eventually in an ionized
ethyl-α-dihydronaphthol d which eliminates the ethyl side
chain to form the very stable protonated α-naphthol e, m/z
145. It is significant that the ions [M–C2H5]+ are particularly
abundant in the MIKE spectra of 2 and 3 yielding α,β-unsatu-
rated enol ions c (Scheme 2) prepared for the cyclization by
less hydrogen migration steps from the respective molecular
ions than 1. Protonated α-naphthol e is the most stable ion m/z
145 which can be generated from a, and the formation of very
stable ions by rearrangements is typical of the fragmentations
of metastable ions.

To prove the structure of the [M–C2H5]+ the CA spectra of
this ion generated from 1 and of authentic protonated naphthol
are compared in Figure 1. The CA spectrum of the [M–C2H5]+

ions exhibits a better resolution owing to an increased total
intensity, but otherwise both spectra are identical within the
limits of error showing abundant losses of H2O (m/z 127), of
CO (m/z 117) and H2CO (m/z 115). Clearly, protonated α-
naphthol e, m/z 145, is eventually formed from the γ-distonic
ion a by the route depicted in Scheme 2. Consequently, the
result of the 13C labelling showing an 1 : 1 loss of C2H5 and
13CCH5 from metastable ions 1b proves unequivocally an
exchange of the atoms C(3)–C(6) of the pentenyl group in the
γ-distonic ion a. Definitely no 13C incorporation is observed
for the McLafferty product ion m/z 120, so the terminal 13C(6)
atom of 1b must have exchanged either with C(3) or C(4) to
yield the statistical label distribution. This is convincingly
explained only by an internal return of an intermediate
ion/neutral complex f (Scheme 3) consisting of the enol radi-
cal cation of acetophenone and butadiene, the products of the
McLafferty rearrangement shown in Scheme 3. Obviously,
those ion/neutral complexes f decomposing slowly because of
a small internal energy prefer the internal return to the γ-dis-
tonic ion a and fragment eventually via the cyclization mecha-
nism of Scheme 2 by loss of an ethyl radical. On route, the
butadiene in the intermediate ion/neutral complex f must have
been rotated freely so that addition of the acetophenone enol
radical cation occurs with equal probability at both double
bonds (Scheme 3). To our knowledge this is the first example
of an enol radical cation shift along a polyene chain, as
anticipated by the peculiar properties of ion/neutral complexes
as intermediates of unimolecular fragmentations of metas-
table ions.

A MNDO calculation of the enthalpies of the competing
reactions shows that the formation of protonated naphthol e
by loss of an ethyl radical from 1 needs indeed distinctly less

Scheme 2.

Figure 1. (a) CA spectrum of the [M–C2H5]
+ ion (m/z 145)

generated from 1. (b) CA spectrum of m/z 145 generated
from protonated α-Naphthol.
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energy than the McLafferty rearrangement (Scheme 4). The
calculated ∆Hf of relevant distonic ions a, c, protonated
naphthol e and acetophenone enol radical cation are listed in
Table 4. For the latter ion ∆Hf is available from experi-
ments,27,28 and ∆Hf (Naphthol/H+) can be estimated from the
experimental proton affinity of phenol via isodesmic reac-
tions. In both cases the experimentally based ∆Hf values are

significantly lower. However, the relative ∆Hf are expected to
be more reliable and more practical for a discussion of com-
peting reactions. The difference between the reactions enthal-
pies of the McLafferty and of the loss of an ethyl radical from
molecular ions of 1 is 101 kJ mol–1 by the experimental data
and 74 kJ mol–1 by calculation in favor of the ethyl loss. Even
taking into account an electrostatic stabilization energy of 40

Scheme 3.

Scheme 4. MNDO calculated enthalpies of reaction (kJ mol–1). aThe energy of the complex is calculated
by the Average Dipole Orientation theory, assuming a distance of 3.5 Å.

∆Hf
a ∆Hf

1 896

Butadiene 110b

Ethyl radical 117b

α-naphthol/H+ 698 623c

Acetophenone enol+• 779 731d

Distonic ion a 796

Radical cation c 728
aCalculated by MNDO, bexperimental,28 cestimated by isodesmic reac-
tions and dexperimental.27

Table 4. Enthalpies of formation (kJ mol–1).
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kJ mol–1 of the intermediate ion/neutral complex (calculated
by the ADO potential for a distance of 3.5 Å between center
of the acetophenone enol radical ion and the butadiene) the
loss of ethyl and formation of protonated naphthol e from the
ion/neutral complex is still exothermic. Furthermore, the dis-
tonic ion a, which is the first intermediate of the McLafferty
rearrangement, is clearly more stable than the molecular ion
of 1, and the McLafferty reaction products. This latter situ-
ation favors an internal return of intermediate ion/neutral
complexes of low internal energy. Finally, the MNDO calcu-
lation reveals that a rearrangement of the distonic ion a to the
radical cation c by hydrogen migrations is distinctly exother-
mic. Ion c is the key intermediate for the formation of the
protonated naphthol e via a cyclization of c to a dihydro-
naphthalene structure. Thus, the MNDO calculation corrobo-
rates the fragmentation mechanism depicted in Scheme 2 and
the transposition of the pentenyl side chain by an internal
return within an intermediate complex of the ionized aceto-
phenone enol and neutral 1,3-butadiene.

The interpretation of the results of the D-labelling experi-
ments is more elaborate. As mentioned before the H(D) atoms
at the aromatic ring do not exchange with H(D) atoms of the
pentenyl moiety. This means that the cyclization step to the
intermediate ions d is very likely irreversible and that H(D)
migrations to generate the ethyl group eventually eliminated
have to occur in a or c before cyclization. Otherwise H(D)
atoms of the phenyl group should appear in the ethyl radical
because in d the H(D) atoms at the phenyl group are expected
to take part in the hydrogen shifts. This is not observed,
however. The MIKE spectrum of 1c deuterated at the terminal
C(6) (Table 3) shows the formation of the nondeuterated and
monodeuterated McLafferty product ions m/z 120 and m/z 121
in a ratio of 1 : 1.1 but no dideuterated ion at m/z 122. This
establishes clearly a reversible formation of the γ-distonic ion
a by a sequence of 1,5- and 1,7-H(D) shifts equilibrating the
CH2 groups at C(4) and the terminal C(6) by the delocalized
allylic radical site of a. In contrast to this regiospecific
H/D-exchange the loss of the ethyl radical is accompanied
by more extensive H/D-exchanges. The most simple mecha-
nism to generate a terminal ethyl group is a specific migration
of one H atom from each of the C atoms in α- and β-position
to the carbonyl-C atom of the γ-distonic ion a to the terminal
vinyl group without any H/D-exchange. In this case the H/D-
scrambling between C(4) and C(6) discussed before and the
additional scrambling by internal return within the ion/neutral
complex f (Scheme 3) would result in the loss of C2H5, C2H4D
and C2H3D2 in the ratio 5% : 47.5% : 47.5%. This is obviously
not the case. Instead, the ratio 18% : 44% : 38% observed for
the loss of C2H5, C2H4D and C2H3D2 indicates much more H/D
scrambling although the ratio 16.7% : 55.5% : 27.8% calcu-
lated for a statistical distribution of the two D in the pentenyl
group is not reached prior to decomposition. These excessive
H/D-exchanges have to take place in intermediates following
the formation of the γ-distonic ion a and the ion/neutral
complex f to account for the specific H/D exchange during the
McLafferty rearrangement of 1c. Likely candidates are ions c

and d with insufficient internal energy to decompose by the
McLafferty reaction but still with enough energy to fragment
by loss of an ethyl radical. This picture gets even more
complicated if the results from the MIKE spectrum (Table 3)
of 1d deuterated at C(2) in α-position of the carbonyl group
are included. Again the loss of the ethyl radical is accompanied
by extensive H/D exchanges as in the case of 1c, in agreement
with H/D migrations in intermediates c and/or d. However,
this time H/D exchanges precede also the McLafferty rear-
rangement although the H atoms at C(2) are not involved in
this process and other H/D migrations within the ions of 1d
decomposing by the McLafferty reaction are in conflict with
the results from 1c. This dissension can be settled only by
analyzing derivative specifically deuterated at all different
positions of the pentenyl group and in addition by the “in-
versely” deuterated derivatives, because the results obtained
here can be untangled only by assuming a strong influence of
H/D isotope effects on the H/D exchange processes. Thus it
appears, that the 1-phenylhexene-1-ones 1–4 are further ex-
amples of the complex rearrangements observed in ketone
radical cations. 

Conclusion

The analysis of the EI mass spectra and MIKE spectra of
1-phenylhexene-1-one 1, of its isomers 2–4, and of the deu-
terated derivatives 1a, 1c and 1d show clearly extensive H
migrations within the pentenyl group prior to a decomposition
by α-cleavage forming a benzoyl ion, by a McLafferty rear-
rangement, and by loss of an ethyl radical. The extent of H/D
migration observed during the McLafferty rearrangement and
the ethyl elimination differ distinctly proving irreversible
branching between the two reaction channels. The loss of the
ethyl radical corresponds to the energetically very favourable
formation of a protonated α-naphthol predominating particu-
larly in the MIKE spectra of 2 and 3. An irreversible cycliza-
tion by attack of the pentenyl side chain on the phenyl group
of the enol radical cations c arising from a by hydrogen
migrations within the pentenyl group is proposed as the key
step for this process. 

Even more important, however, is the observation from the
MIKE spectrum of the 13C labelled derivative 1b proving
unambiguously a specific skeletal rearrangement of the pen-
tenyl side chain of the 1-phenylhexene-1-one radical cation
preceding the ethyl loss. In line with earlier observations of
intermediate ion/neutral complexesl4,l5 during the McLafferty
rearrangement the obvious explanation for this skeletal reor-
ganization is an internal return within the ion/neutral complex
formed by the McLafferty products of 1, the enol radical
cation of acetophenone and 1,3-butadiene. In this complex
attack of the radical cation to restore the γ-distonic ion a occurs
equally at both double bonds of the 1,3-butadiene leading
eventually to an equilibration between C(3) and the terminal
C(6) of the hexenone 1. Rearrangement of the equilibrated
γ-distonic ion a into the more stable ion c and cyclization of
this ion eventually give rise to the observed 1 : 1 loss of ethyl

S. Dohmeier-Fischer, N. Krämer and H.-F. Grützmacher, Eur. Mass Spectrom. 1, 3–10 (1995) 9



and l3C-ethyl from 1b. Thus, the fragmentations of the radical
cations derived from 1-phenylhexene-1-ones are a further
example of the Longevialle–Botter mechanisms including an
intermediate ion/neutral complex with freely rotating compo-
nents. 
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Characterization of Sulfated Unsaturated Disaccharides

Positive-ion fast atom bombardment tandem mass spectrometry for
characterization of sulfated unsaturated disaccharides from heparin

and heparan sulfate
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Positive-ion fast atom bombardment tandem mass spectrometry has been used in the characterization of non-, mono-, di- and
trisulfated disaccharides from heparin and heparan sulfate. The positional isomers of sulfate groups of monosulfated disaccharides
have been distinguished from each other by positive-ion fast atom bombardment tandem mass spectra, which provide an easy way
of identifying the positional isomers. The fast atom bombardment collision-induced dissociation mass spectrometry/mass spectrome-
try technique was also applied successfully to the characterization of di- and trisulfated disaccharides.

Introduction

Fast atom bombardment mass spectrometry (FABMS) is
now a well-established method for the analysis of large and
polar molecules, including glycoconjugates.1-3 Recently the
tandem mass spectrometry (MS/MS) technique has also
proven to be very useful in the structural analyses of glyco-
conjugates, providing information on sugar sequences and
linkage positions.1

Because of the acidic nature of sulfated saccharides, the
negative-ion FABMS has been widely used in the structural
studies of these compounds.5-10 However, several papers deal-
ing with the analysis of sulfated oligosaccharides by positive-
ion FABMS have been published.5,6,10 It has been reported that
in positive-ion FABMS, CID (collision-induced dissociation)-
MS/MS of lithiated disaccharide gave useful information on
the differentiation of the linkage position in the five isomeric
sugars.11 Previously, we have successfully used CID-MS/MS
in the positive-ion as well as the negative-ion modes for
characterization of non-, mono-, di- and trisulfated disaccha-
rides from chondroitin sulfate (CS), dermatan sulfate (DS) and
hyaluronan (HA), having (1→3)-glycosidic bonds.10

In a proceeding paper, we have shown that the negative-ion
FAB CID-MS/MS was very useful in the characterization of
unsaturated disaccharide from heparin (Hep) and heparan
sulfate (HS).12 Here we report the characterization of a series
of non-, mono-, di- and trisulfated unsaturated disaccharides
from Hep and HS and three N-desulfated derivatives based on
the positive-ion FAB CID-MS/MS.

Experimental

The unsaturated disaccharides investigated [2-
acetamido-2-deoxy-4-O-(β-D-gluco-4-enepyranosyluronic
acid)-D-glucose (∆UA(1→4)GlcNAc), 2-acetamido-2-deoxy-
4-O-(β-D-gluco-4-enepyranosyluronic acid)-6-O-sulfo-D-glu-
cose (∆UA(1→4)GlcNAc6S), 2-acetamido-2-deoxy-4-
O-(2-O-sulfo-β -D-gluc o-4-enepyranosyluronic acid)-D-
glucose (∆UA2S(1→4)GlcNAc), 2-acetamido-2-deoxy-4-O-
(2-O-sulfo-β-D-gluco-4-enepyranosyluronic acid)-6-O-
sulfo-D-glucose (∆UA2S(1→4)GlcNAc6S), 2-amino-2-de-
oxy-4-O-(2-O-sulfo-β-D-gluco-4-enepyranosyluronic acid)-
6-O-sulfo-D-glucose (∆UA(1→4)GlcN6S), 2-amino-2-
deoxy-4-O-(2-O-sulfo-β-D-gluco-4-enepyranosyluronic acid)-
D-glucose (∆UA2S(1→4)GlcN), 2-amino-2-deoxy-4-O-(2-
O-sulfo-β-D-gluco-4-enepyranosyluronic acid)-6-O-sulfo-D-
glucose (∆UA2S(1→4)GlcN6S), 2-deoxy-2- sulfamino-4-O-
(β-D-gluco-4-enepyranosyluronic acid)-D-glucose (∆UA
(1→4)GlcNS), 2-deoxy-2-sulfamino-4-O-(β-D-gluco-4-
enepyranosyluronic acid)-6-O-sulfo-D-glucose (∆UA (1→4)
GlcNS6S), 2-deoxy-2-sulfamino-4-O-(2-O-sulfo-β-D-gluco-
4-enepyranosyluronic acid)-D-glucose (∆UA2S  (1→4)
GlcNS), 2-deoxy- 2-sulfamino-4-O-(2-O-sulfo-β-D-gluco-
4-enepyranosyluronic acid)-6-O-sulfo-D-glucose (∆UA2S
(1→4)GlcNS6S)], are listed in Table 1. All compounds (so-
dium salts) were obtained from Sigma Chemical Co. (USA)
and used without further purification.

Mass spectra were recorded on a Finnigan MAT TSQ 700
triple stage quadrulpole mass spectrometer equipped with an
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Ion Tech FAB gun. A xenon beam with an energy of 8 keV
was used. About a 1 µl aliquot of an aqueous sample solution
(c. 1.0 mg in 50 µ1) was mixed with 1 µl of glycerol or
thioglycerol as the matrices and then placed on the FAB target.
CID-MS/MS spectra were taken using argon as the collision
gas at typically 1.0 mTorr to reduce the beam of parent ions
by approximately 30%. Collision energies were used at 30 eV.
At least 10 scans were averaged to obtain each MS/MS
spectrum. 

Results and discussions

Positive-ion FAB mass spectra of non-, mono-, di- and

trisulfated unsaturated disaccharides

As summarized in Table 2, the positive-ion FAB spectra
of non-(∆UA(1→4)GlcNAc), mono-(∆UA(1→4) GlcNAc6S,
∆UA2S(1→4)GlcNAc, ∆UA(1→4)GlcNS, ∆UA(1→4)
GlcN6S a n d  ∆UA2S(1→4)GlcN), di-(∆UA2S(1→4)
G1cNAc6S, ∆UA(1→4)G1cNS6S, ∆UA2S(1→4)GlcNS
a n d  ∆UA2S(1→4)GlcN6S) and trisulfated (∆UA2S
(1→4) GlcNS6S) unsaturated disaccharides exhibited un-
ambiguously the peaks of molecule related ions, [M + H]+

and/or [M – nH + (n + 1)Na]+ (where n = 0–3), as re-
ported earlier.5,6,10 M represents the fully protonated
molecule throughout this article. The spectra of the D-glu-
cosamine (GlcN)-containing disaccharides such as
∆UA(1→4)GlcN6S showed the sodium adduct ions to be
less abundant than those of N-acetylated GlcN (GlcNAc)-
a nd N-sulfo GlcN (GlcNS)-containing disaccharides,

which may be caused by an amphoteric electrolyte of the
GlcN-containing disaccharides.12

The losses of sodium sulfite with hydrogen transfer (i.e.
– NaSO3, + H ), resulting in intense peaks down 102 units
from the molecule related ions for di- and trisulfated unsatu-
rated disaccharides were also commonly observed (Table
2).5,6,10,13 This elimination for GlcNS-containing disaccharides
was more pronounced than that for GlcNAc- and GlcN-con-
taining disaccharides. In the positive-ion FABMS of GlcNAc-
containing disaccharides, the fragment ions produced by the
elimination of AcNHCHCHOH, derived by the cleavage of
GlcNAc residue at the reducing end, as found in the negative
ion mode,12 were not observed.

These results show that it is impossible to distinguish
between the disaccharides obtained from Hep/HS and those
from CS/DS, and to distinguish between the positional iso-
mers of the mono- or disulfated derivatives from these posi-
tive-ion FABMS. However, CID-MS/MS turned out to be
quite useful for differentiation of these isomers from each
other. 

CID-MS/MS spectra of the positive-ion FAB of

GlcNAc-containing unsaturated disaccharides

Non-sulfated disaccharide
As a typical example for unsaturated disaccharides having

a (1→4)-glycosidic bond, the CID-MS/MS of non-sulfated
disaccharide ∆UA(1→4)GlcNAc was examined at first. The
spectra of the [M + H]+ ion (m/z 380), (data not shown), and
the [M + Na]+ ion (m/z 402) [Figure 1(a)] of ∆UA

Compound RMMa R1 R2 R3

Unsaturated disaccharides from heparin/heparan sulfate

a) GlcNAc-containing disaccharide

∆UA(1→4)GlcNAc
∆UA(1→4)GlcNAc6S
∆UA2S(1→4)GlcNAc
∆UA2S(1→4)GlcNAc6S

379
459
459
539

Ac
Ac
Ac
Ac

  H
  SO3H
  H
  SO3H

  H
  H
  SO3H
  SO3H

b) GlcNS-containing disaccharide

∆UA(1→4)GlcNS
∆UA(1→4)GlcNS6S
∆UA2S(1→4)GlcNS
∆UA2S(1→4)GlcNS6S

417
497
497
577

SO3H
SO3H
SO3H
SO3H

  H
  SO3H
  H
  SO3H

  H
  H
  SO3H
  SO3H

c) GlcN-containing disaccharide derivative

∆UA(1→4)GlcN6S
∆UA2S(1→4)GlcN
∆UA2S(1→4)GlcN6S

417
417
497

H
H
H

  SO3H
  H
  SO3H

  H
  SO3H
  SO3H

aRMM represents the relative molecular mass of the free acid.

Table 1. Compounds investigated.

O
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OH

NHR1

O
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OH

COOH

O

OH
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(1→4)GlcNAc are similar to those of ∆UA(1→3)GlcNAc
obtained from CS and DS,10 which do not give any informa-
tion characteristic of the isomers. However, the spectrum of
the [M – H + 2Na]+ ion (m/z 424), as shown in Figure 1(b),
gave not only intense peaks at m/z 221, 203 and 161 corre-
sponding to [C1 + 2Na]+, [Bl – 2H + 2Na]+ and [0,2A1 – H +
2Na]+ ions, respectively, but also characteristic peaks at m/z
323, 301 and 263 corresponding to [0,2A2 – H + 2Na]+, [0,2A2

+ Na]+ and [2,4A2 – H + 2Na]+ ions, respectively. To describe
the fragment ions drawn in each figure, we use the nomencla-
ture, shown in Scheme 1, proposed by Domon and Costello.14

On the basis of the presence of these 0,2A2- and 2,4A2-type ions,
derived by the ring cleavage of the GlcNAc residue, it is
possible to distinguish the non-sulfated disaccharide having
(1→4)-glycosidic bond from those isomers having (1→3)-
glycosidic bond. 

Figure 1. MS/MS spectra of non-sulfated unsaturated disaccharides ∆UA(1→4)GlcNAc. (a) the [M + Na]+ ion (m/z 402) as the
parent ion, (b) the [M – H + 2Na]+ ion (m/z 424) as the parent ion.
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Figure 2. MS/MS spectra of monosulfated unsaturated disaccharides having [M – H + 2Na]+ ions (m/z 504), as the parent ion.
(a) ∆UA(1→4)GlcNAc6S, (b) ∆UA2S(1→4)GlcNAc.

Scheme 1. The nomenclature for disaccharide fragmentation
proposed by Domon and Costello.14
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Monosulfated disaccharides

The positive-ion CID-MS/MS spectra of [M – H + 2Na]+

ions provide sufficient information on distinguishing the po-
sitional isomers of monosulfated disaccharides. MS/MS spec-
tra of [M – H + 2Na]+ ions (m/z 504) of ∆UA(1→4)GlcNAc6S
and ∆UA2S(1→4)GlcNAc are shown in Figure 2. In the
spectrum of ∆UA(1→4)GlcNAc6S, the predominant peaks at
m/z 424 and 323 corresponding to the [(M – H + 2Na) – SO3]+

and [(M – H + 2Na) – SO3 – 0,2X0]+ ions, respectively, were
observed. The glycosidic bond cleavage also yielded the peaks

at m/z 346 ([Y1 + 2Na]+), 328 ([Z1 – 2H + 2Na]+), 221 ([C1 +
2Na]+) and 203 ([B1 – 2H + 2Na]+). Two intense peaks at m/z
388 and 263 correspond to the [0,2X1 – H + 2Na]+ and [2,4A2 –
H + 2Na]+ ions, respectively. The origins of other peaks were
rationalized as illustrated in Figure 2(a). In the spectrum of
∆UA2S(1→4)GlcNAc [Figure 2(b)], characteristic peaks
were observed at m/z 323 and 287, produced by the elimina-
tion of 0,2X0 from the peaks at m/z 424 ([(M – H + 2Na) –
SO3]+) and 388 ([0,2X1 – H + 2Na]+), respectively. In the upper
mass region, the relative intensities of peaks at m/z 424, 406,

Figure 3. MS/MS spectra of monosulfated unsaturated disaccharides having [M – 2H + 3Na]+ ions (m/z 526), as the parent
ion. (a) ∆UA(1→4)GlcNAc6S, (b) ∆UA2S(1→4)GlcNAc.
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388 and 384 are similar to those of ∆UA2S(1→3)GalNAc
having the sulfated D-gluco-4-enepyranosyluronic acid
(∆UA) moiety. The behavior of fragmentation of monosul-
fated disaccharides,  ∆UA(1→4) GlcNAc6S and
∆UA2S(1→4)GlcNAc, is similar to that of monosulfated
disaccharides from CS and DS, but the former are clearly
differentiated from the latter on the basis of the observations
of the peaks due to 2,4A2-type ions and the loss of 0,2X0 residue
in the former. 

The CID-MS/MS spectra of the [M – 2H + 3Na]+ ions (m/z
526) of ∆UA(1→4)GlcNAc6S and ∆UA2S(1→4)G1cNAc
are shown in Figure 3, where more pronounced differences
between these isomers are observed. In both spectra, the most
predominant peaks at m/z 263 [Figure 3(a)] and m/z 365
[Figure 3(b)], corresponding to the [2,4A2 – H + 2Na]+ and
[2,4A2 – 2H + 3Na]+ ions, respectively, produced by the ring
cleavage of GlcNAc were observed. The ring cleavage of
GlcNAc also yielded the intense peaks at m/z 425 in these

Figure 4. MS/MS spectra of disulfated unsaturated disaccharides ∆UA2S(1→4)GlcNAc6S. (a) the [M – 2H + 3Na]+ ion (m/z 606)
as the parent ion, (b) the [M – 3H + 4Na]+ ion (m/z 628) as the parent ion.
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spectra. In the spectrum of ∆UA(1→4)GlcNAc6S, the weak
peaks were observed at m/z 388, 346 and 303 corresponding
to the [0,2X1 – H + 2Na]+, [Y1 + 2Na]+ and [B1 – 2H + 2Na]+

ions, respectively. Another peak at m/z 310 is assigned as the
novel fragment ion derived by the loss of H2O from the [Zl –
2H + 2Na]+ ion (m/z 328). In the spectrum of ∆UA2S
(1→4)GlcNAc, an intense peak at m/z 165 corresponding to
[Na3SO4]+ ion and four weak peaks at m/z 323, 305, 225 and
207 were observed and rationalized as illustrated in Figure
3(b).

Disulfated disaccharide

As shown in Figure 4(a), the CID-MS/MS spectrum of
[M – 2H + 3Na]+ (m/z 606) ion of disulfated disaccharide
∆UA2S(1→4)GlcNAc6S characteristically exhibits three
dominant peaks at m/z 526, 425 and 365 corresponding to
[(M – 2H + 3Na) – SO3]+, [(M – 2H + 3Na) – SO3 – 0,2X0]+

and [2,4A2 – 2H + 3Na]+, respectively. The other peaks simi-
lar to those of [M – 2H + 3Na]+ ion of ∆UA2S(1→3)Gal-
NAc6S obtained from CS and DS10 are illustrated in this
Figure.

The CID-MS/MS of [M – 3H + 4Na]+ ion (m/z 628) of
∆UA2S(1→4)GlcNAc6S, as shown in Figure 4(b), is rather
simple, showing not only the dominant peak at m/z 365 ([2,4A2

– 2H + 3Na]+), but also a peak at m/z 527 ([0,2A2 – 3H +
4Na]+). The origin of the other peaks are rationalized as
illustrated in the Figure.

These results indicate that CID-MS/MS can be used for
identification of ∆UA2S(1→4)GlcNAc6S, in addition to dis-
tinguishing this disulfated disaccharide from other isomers,

such as ∆UA2S(1→3)GalNAc6S having (1→3)-glycosidic
bond obtained from CS and DS. 

CID-MS/MS spectra of the positive-ion FAB of

GlcNS-containing unsaturated disaccharides

Monosulfated disaccharide
In the CID-MS/MS spectrum of the [M + Na]+ ion of

∆UA(1→4)GlcNS, an ion derived by the loss of SO3 was
predominantly observed, but no significant fragment ions
(data not shown).

The CID-MS/MS spectrum of [M – H + 2Na]+ ion (m/z
462), as shown in Figure 5, gave intense peaks at m/z 382, 323
and 263 corresponding to the [(M – H + 2Na) – SO3]+, [0,2A2

– H + 2Na]+ and [2,4A2 – H + 2Na]+ ions, respectively, to-
gether with several weak peaks at m/z 305 ([0,2A2 – H + 2Na
– H2O]+), 301 ([0,2A2 + Na]+), 221([C1 + 2Na]+) and 203 ([B1
– 2H + 2Na]+), which all derived from the non-reducing end
residue.

Disulfated disaccharides

In the CID-MS/MS spectra of [M – H + 2Na]+ ions of
∆UA(1→4)GlcNS6S and ∆UA2S(1→4)GlcNS, predominant
peaks derived by the loss of SO3 and H2SO4 were observed
and no significant differences between them were observed
(data not shown). 

However. the results of the CID-MS/MS of [M – 2H +
3Na]+ ions (m/z 564) of ∆UA(1→4)GlcNS6S and
∆UA2S(1→4)GlcNS, indicate dramatically the possibility of
distinguishing between these isomers. The CID-MS/MS of

Figure 5. MS/MS spectrum of monosulfated unsaturated disaccharide ∆UA(1→4)GlcNS having [M – H + 2Na]+ ions (m/z 462),
as the parent ion.
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the [M – 2H + 3Na]+ ion (m/z 564) of ∆UA(1→4)GlcNS6S,
as shown in Figure 6(a), gave the predominant peak at m/z 484
derived by the loss of SO3, and also the characteristic other
fragment ions similar to those observed in that of [M – 2H +
3Na]+ ion of ∆UA(1→4)GlcNAc6S [Figure 3(a)]. The origin
of these fragment ions are rationalized as illustrated in the
Figure. The feature of the spectra of the [M – 2H + 3Na]+ ion
of ∆UA2S(1→4)GlcNS, as shown in Figure 6(b), is also

similar to that of ∆UA2S(1→4)GlcNAc6S mentioned above,
except for the observation of an intense peak at m/z 484
corresponding to the [(M – 2H + 3Na) – SO3]+ ion. The frag-
ment ions are assigned as illustrated in Figure 6(b). This
behavior of the fragmentation indicates that the sulfate group
at C-2 of GlcN residue may not be sodiated.

Figure 6. MS/MS spectra of disulfated unsaturated disaccharides having [M – 2H + 3Na]+ ions (m/z 564), as the parent ion.
(a) ∆UA(I→4)GlcNS6S, (b) ∆UA2S(1→4)GlcNS.
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These observations show that the CID-MS/MS of [M – 2H
+ 3Na]+ ions of disulfated GlcNS-containing disaccharides
provide an easy way of identifying the positional isomers.

The spectra of CID-MS/MS of the [M – 3H + 4Na ]+ ions
of ∆UA(1→4)GlcNS6S and ∆UA2S(1→4)GlcNS are rather
simple, showing predominant peaks derived by the loss of
H2O from Z-type ions, in addition to the fragment ions ob-
served in the spectra of [M – 2H + 3Na]+ ions mentioned
above (data not shown).

Trisulfated disaccharides

As shown in Figure 7, the CID-MS/MS spectrum of the [M
– 3H + 4Na]+ ion (m/z 666) of trisulfated disaccharide
∆UA2S(1→4)GlcNS6S exhibits the dominant peaks at m/z
586, 527 and 365 corresponding to [(M – 3H + 4Na) – SO3]+,
[0,2A2 – 3H + 4Na]+ and [2,4A2 – 2H + 3Na]+ ions, respec-
tively. Other characteristic peaks are assigned as illustrated in
the Figure. These observations indicate that the spectrum can
be used for identification of the structure of this trisulfate. 

CID-MS/MS spectra of the positive-ion FAB of

GlcN-containing unsaturated disaccharides

Monosulfated disaccharides
In the CID-MS/MS spectra of the [M + H]+ and [M + Na]+

ions of ∆UA(1→4)GlcN6S and ∆UA2S(1→4)GlcN, no sig-
nificant differences between the positional isomers were ob-
served (data not shown).

The results of the CID-MS/MS of the [M – H + 2Na]+ ions
(m/z 462) of isomeric monosulfated disaccharides,
∆UA(1→4)GlcN6S and ∆UA2S(1→4)GlcN, indicate that it
is possible to distinguish between the positional isomers of

GlcN-containing disaccharides. The CID-MS/MS of the [M –
H + 2Na]+ ion (m/z 462) of ∆UA(1→4)GlcN6S, as shown in
Figure 8(a), gave characteristic fragment ions similar to that
observed in those of [M – H + 2Na]+ (m/z 504) of
∆UA(1→4)GlcNAc6S [Figure 2(a)]. Significant differences
between them are that only in the spectrum of
∆UA(1→4)GlcN6S, two peaks at m/z 403 and 245 corre-
sponding to the [0,2A2 – H + 2Na]+ and [(Y1 + 2Na) – 0,2X0]+

ions, respectively, were observed. Moreover, the CID-MS/MS
spectra of the [M – H + 2Na]+ ions of ∆UA2S(1→4)GlcN
[Figure 8(b)] and ∆UA2S(1→4)GlcNAc [Figure 2(b)] closely
resemble each other except for the presence of a predominant
peak at m/z 403 ([0,2A2 – H + 2Na]+) in the former spectrum.
The fragment ions, produced by the cleavage of 0,2A2-type, are
characteristic of the GlcN-containing disaccharides. These
observations show that the CID-MS/MS of [M – H + 2Na]+

ions of monosulfated GlcN-containing disaccharides provide
an easy way of not only distinguishing GlcN- from GlcNAc-
containing disaccharides, but also identifying the positional
isomers of GlcN-containing derivatives.

Disulfated disaccharide

As shown in Figure 9, the CID-MS/MS spectrum of the [M
– 2H + 3Na]+ (m/z 564) ion of ∆UA2S(1→4)GlcN6S gives
characteristically the A, B, C, X, Y and Z-type fragment ions.
The assignment of the fragment ions are illustrated in the
Figure. It is noted that all eliminations of sulfates and sulfites
are observed from the ions including the sulfated ∆UA residue
of the non-reducing end, which suggests that the sulfate group
at C-2 of ∆UA may eliminate more easily than that at C-6 of
the GlcNAc residue. These observations indicate that CID-

Figure 7. MS/MS spectrum of trisulfated unsaturated disaccharide ∆UA2S(1→4)GlcNS6S having [M – 3H + 4Na]+ ions (m/z 666),
as the parent ion.

20 Characterization of Sulfated Unsaturated Disaccharides



MS/MS is also useful in the identification of the structure of
the disulfated compounds. 

Conclusion

Positive-ion FAB mass spectra of the sodium salts of eight
disaccharides from Hep and HS and three derivatives show
distinct molecule related ions, giving only molecular weight

information. The CID-MS/MS spectra of the selected mole-
cule related ions can be used to differentiate between the
respective two positional isomers of monosulfated disaccha-
rides, and also provide an easy way of identifying positional
isomers. Tandem FABMS also provides useful information on
the identification of the di- and trisulfated disaccharide. Our
results suggest that tandem FABMS will provide a new rapid
tool for the analysis of disaccharides from Hep and HS.

Figure 8. MS/MS spectra of monosulfated unsaturated disaccharides having [M – H + 2Na]+ ions (m/z 462), as the parent ion.
(a): ∆UA(1→4)GlcN6S, (b): ∆UA2S(1→4)GlcN.
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Although negative-ion tandem FABMS has been widely
used in the structural studies of these sulfated saccharides, our
results indicate that positive-ion tandem FABMS of sodiated
molecule related ions is also useful for characterization of
these compounds, as we previously succeeded in charac-
terization of nine unsaturated disaccharides from CS, DS and
HA.10 It will be very useful for characterization of many
disaccharides isomers from glycosaminoglycans in various
biological materials. We are currently extending our studies
to the characterizations of sulfated disaccharides from keratan
sulfate, and tetrasaccharides from chondroitin sulfate and
keratan sulfate.
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Collision-induced Photon Emissions from 8 keV Polyatomic Ions

Collision-induced photon emissions from 8 keV polyatomic ions of
composition C2,H4,O

+• and C2,H5,Cl+•

J.L. Holmes* and P.M. Mayer

Chemistry Department, University of Ottawa, Ottawa, Canada K1N 6N5.

Photon emissions following 8 keV ion beam–target gas collisions of the polyatomic cations of composition C2,H4,O+• and
C2,H5,Cl+• were measured and interpreted in conjunction with their collision-induced dissociation (CID) mass spectra. The
experiments were performed in a modified analytical VG ZAB-2F mass spectrometer of magnetic sector/electric sector/electric
sector (BEE) geometry. The identification of the emission bands in the collision-induced emission (CIE) spectra of oxirane+•,
acetaldehyde+• and vinyl alcohol+• with helium and argon target gases was assisted by obtaining the CIE spectra of CO+•,
HCO+ and CH3

+. Distinct emission bands due to the HC (A,B → X), HC+ (B → A and A → X) and HO• (A → X) transitions,
as well as atomic C, O+ and H• lines, were observed. The emission spectra of 8 keV CH3CH2Cl+• and CH3ClCH 2

+•–helium and
argon target gas collisions were obtained and analyzed with the aid of the CIE spectra for CCl+ and CH2Cl+. Many of the same
bands appeared as for the C2,H4,O+• isomers, with the addition of bands due to the CCl+ (A → X) transition and Cl+ atomic
lines.

Introduction

Fundamental collision spectroscopy, involving investiga-
tions of scattering angle, photon emission and translational
energy changes, has led to an understanding of the excitation
and dissociation processes occuring in a projectile ion beam–
target gas collision event over a wide range of collision
energies (thermal to MeV). However, the projectiles and tar-
gets have been primarily simple mono-, di- and triatomic ions
and neutrals. In contrast, organic mass spectrometry is largely
concerned with polyatomic projectile ions. Collisional activa-
tion of polyatomic projectiles (eV–keV translational energies)
has been used to aid the assigning of structures to ions, to
elucidate fragmentation pathways and identify isomers.1,2 The
method relies on qualitative or semi-quantitative differences
between collision-induced dissociation (CID) mass spectra
and so the results are treated like any other mass spectrum, i.e.
essentially empirically. However, little is known about the
excitation and dissociation processes which occur in polya-
tomic–target gas collisions. This hinders a more detailed
interpretation of the results of collision-based experiments
such as CID, collision-induced dissociative ionization
(CIDI) and neutralization–reionization (NR) mass spectrome-
try.

Limited qualitative information3–5 has been obtained on the
effects of projectile translational energy and the nature of the
target gas on the internal energy deposited in a projectile ion

undergoing keV collisions. A more objective approach, which
does not require the interpretation of yet another mass spec-
trum, is desirable. In an attempt to obtain information about
the internal excitation in both the polyatomic projectile and
target in keV collisions a study was undertaken in which
photon emission spectroscopy was coupled to a collision cell
in a modified sector mass spectrometer.6,7

Recent work on 8 keV N2+•, O2
+• and CO2

+• with a variety
of target gases8,9 was successful in identifying emitting species
in both the ion beam and target. For N2

+• and CO2
+•, emissions

were predominantly from excited molecular ions, with minor
peaks in the spectra due to target and fragment emissions.
When O2 was the target in collisions with N2

+•, emissions were
observed from excited O2+• and N2 (formed in a charge ex-
change reaction between N2

+• and O2). For CO2
+•/O2 colli-

sions, no emissions were detected from neutral CO2. Oxygen
molecular ion projectiles exhibited quite different behaviour
when helium was used as the target. No O2

+• emissions were
observed from the ion beam, instead the spectra consisted of
an assortment of fragment O+ and O lines and target gas
emission bands. This could be attributed to the difference in
geometry between ground and excited state O2

+•. Vertical
excitation in the 8 keV collision event produced excited state
O2

+• near or above its dissociation limit and the ions dissoci-
ated to produce excited state fragments. When N2 or CO2 were
the target gas in these experiments, emissions from the O2

+•

ion beam were almost undetectable. Spectral bands were
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primarily from N2
+• and CO2

+• formed in a charge exchange
reaction with the ion beam.

The present study extends the technique to 8 keV polya-
tomic projectile ions of mass spectrometric interest. The col-
lision-induced emission (CIE) spectra of the three C2H4O+•

isomers oxirane+•, acetaldehyde+• and vinyl alcohol+• and
the two C2H5Cl+• isomers, chloroethane+• and CH3ClCH2

+•

have been obtained and analyzed. The interpretation of these
emission spectra was aided by the CIE spectra of the smaller
fragment ions CO+•, HCO+, CH3

+, CCl+ and CH2Cl+. The
results have been interpreted in conjunction with the CID mass
spectra of these ions.

Experimental

The experiment to detect and analyze light emissions from
collisionally activated ion beams has been described in detail
elsewhere.8 The projectile ions were formed by electron im-
pact ionization in the ion source of a modified three-sector VG
ZAB-2F mass spectrometer (BEE geometry). The ions were
accelerated to 8 keV translational kinetic energy, selected by
the magnet and first electric analyzer and transmitted into the
third field-free region (3FFR). An observation cell (OC) is
located in the 3FFR underneath a quartz window (fused sil-
ica-Optikon W-25). The entrance slit of a scanning wavelength
monochromator lies within 30 mm of the ion beam. Collisions
performed in the OC yield spectra due to emissions from
excited ions and target gas species (in-OC observations).
Collisions were also performed in a collision cell (PC) located
1 cm in front of the OC. These experiments will be referred to
as post-collision (PC) observations and they allow the analysis
of emissions from the ion beam without interference from
target gas emissions. However, the radiative lifetimes of spe-
cies studied in post-collision observations is limited to long-
lived metastable states. Unless stated otherwise, results are for
in-OC collision experiments. The time window of in-OC
observations for an ion with m/z 44 is 0 –0.11 µs, and that for
a post-collision observation is 0.05–0.20 µs.

A scanning monochromator (Acton SpectraPro 275, 27.5
cm focal length, 1200 grooves per mm holographic grating)
and cooled photomultiplier, PMT, (Thorn EMI 9635QB, 180–
680 nm range, Products For Research Cooler, TE 182TSRF)
were used to monitor the emission spectra. The experiments
were performed with sufficient target gas pressure to attenuate
the ion beam to 60% of its pre-cell flux (unless otherwise
stated). The monochromated spectra were obtained by ana-
logue monitoring of the current from the PMT. The resolution
used for the monochromated spectra depended on the signal-
to-noise of the features in each spectrum. The entrance and
exit slits of the monochromator were set to 0.5, 1, 2 or 3 mm
depending on the sensitivity required. The full width at half
maximum, FWHM, of an atomic line as a function of these
slit widths was 1.0, 2.0, 5.5 and 10 nm, respectively.

All compounds used in this study were commercially ob-
tained and of high purity (>99.9%).

Results

Emissions from isomeric C2,H4,O
+• ion–target gas collisions

Collision-induced emission (CIE) spectra obtained for the
three C2,H4,O+• isomers oxirane+•, acetaldehyde+• and vinyl
alcohol+• (from electron ionization of cyclobutanol10) were
obtained using He and Ar target gases. The emission levels did
not allow high-resolution spectra to be obtained for all three
isomers. In order to identify the many possible emitting spe-
cies, smaller fragment ions were studied independently. As
will become evident, it is helpful to start with a description of
these smaller projectile ions and build towards the analysis of
the polyatomic C2,H4,O+• ions.

CO+•

The CIE spectrum of 8 keV CO+• projectile–He target gas
collisions is shown in Figure l(a). Clearly defined are emis-
sions due to the excited CO+• molecular ion transition B 2Σ →
X 2Σ (∆υ = +2, +1, 0, –1 and –2 at 206, 211, 219, 230 and 246
nm, respectively)11 and less certainly, the A 2Π → X 2Σ (∆υ =
+4, +3, +2 and +1 at 403, 426, 458 and 471 nm, respectively)11

and B 2Σ → A 2Π (∆υ = +3, +2 and +1 at 326, 346 and 371
nm, respectively)11 transitions. Also seen are the excited frag-
ments C (3s 1P0 → 2p 1D, 193 nm) and O+ (4p 2D0 → 2p4 2P,
283.6 nm).12 Target gas He lines at 388.8 nm and 447.1 nm are
also present.12 When Ar was used as the target, a host of O+

lines (407 nm, 418 nm. 426 nm, 435 nm and 488 nm) as well
as Ar+ emissions (4d 2F → 4p 2D0, 346–356 nm, 5d 2F → 4p′
2D0, 347, 354 nm and 4p′ 2P0 → 3d 2F, 453 nm)13 were identi-
fied. With this information emissions appearing in other spec-
tra from excited Ar+, He, CO+•, C and O+ can be identified.

HCO+

The CO+• system was extended by one hydrogen atom by
studying HCO+ ions formed from oxirane in the ion source.
The ions were also formed from methanol and acetaldehyde
and the resulting CIE spectra were identical. The He CIE
spectrum is shown in Figure l(b). Along with the CO+• (B →
X), C, He and O+ emissions described above, a set of bands
corresponding to the HC (A 2∆ → X 2Π) and HC+ (B 1∆ → A
1Π) emissions11 and the hydrogen Balmer β line (n = 4 → n =
2)12 were also observed. This is in agreement with a previous
study of the HCO+–target gas collision-induced emission
spectrum.14 With Ar as the target in the OC, the He lines are
replaced by Ar+ lines which overlap the HC+ (B → A) transi-
tion. When the HCO+–He collisions were performed in the PC
and emissions observed in the OC (post-collision observa-
tions), essentially only the emissions from the diatomic spe-
cies remained and the presence of the HC (B 2Σ → X 2Π) and
HC+ (A 1Π → X 1Σ) transitions between 360 nm and 420 nm
were both evident. The time required to traverse the distance
between the PC and the OC eliminated atomic emissions
which have very short lifetimes.
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CH3
+

Methyl cation (from EI dissociative ionization of methane
in the ion source)–He target gas collisions produced a CIE
spectrum which exhibited the C, He, H•(4 → 2), HC+ (B →
A) and HC (A → X) bands. A previous optical study of high
keV H+–CH4 collisions15 yielded emissions from the HC (A,B
and C → X) transitions as well as HC+ (A → X) and (b 3Σ →
a 3Π) transitions.

Oxirane+•

The spectrum obtained from 8 keV oxirane+•–He target gas
collisions is shown in Figure 2(a). The spectrum is quite weak
but the aforementioned C, H• (Balmer-β), HC (A → X) and
HC+ (B → A) transitions are distinguishable. With Ar as the
target, Figure 2(b), most of the above features are enhanced.
There was sufficient signal-to-noise in this experiment to
measure the post-collision emission spectrum. Only the dia-
tomic HC+ (B → A), HC (A → X) and possibly the HC (B →
X) and HC+ (A → X) transitions remained, together with a
small contribution from C. Higher resolution spectra enabled
the positive identification of the C and H• lines at 193 nm and
486 nm. The oxirane+•–Ar CIE spectrum was also obtainable
with 80% ion beam transmission and was identical with the
60% transmission spectrum in Figure 2(b), indicating that

multiple collision events were not responsible for the genera-
tion of the emitting species.

Acetaldehyde+•

The He CIE spectrum of 8 keV CH3CHO+• projectile ions,
Figure 3(a), was similar to that of oxirane+•. The same features
were present but with two new bands, one at ~283 nm which
may be the above mentioned O+ line (see CO+• discussion
above) and another at ~311 nm. This latter feature may be the
HO• (A 2Σ+ → X 2Π) ∆υ = 0 band common to emissions from
flames.11 The spectrum may also include the CO+• (B → X)
bands between 193 and 260 nm.

When Ar was employed as the target, Figure 3(b), all of the
above features were observed with the two extra bands at 283
nm and 311 nm decreasing in relative intensity.

Vinyl alcohol+•

The CIE spectrum from collisions of 8 keV CH2=CHOH+•

projectile ions with He was slightly different from the other
two isomers, Figure 4(a). The C, O+, He and H• (Balmer-β)
atomic emissions are present together with the HC+ (B → A),
HC (A → X) and HO• (A → X) bands. The contributions from
the O+ and OH• bands are relatively more intense than with
either oxirane+• or acetaldehyde+•. The Ar CIE spectrum,

Figure 2. Collision-induced emission spectra obtained from
collisions between (a) oxirane+• and He (3 mm slits, 2 nm
step size, 13 scan average) and (b) oxirane+• and Ar (3 mm
slits, 2 nm step size, 11 scan average).

Figure 1. Collision-induced emission spectrum obtained from
collisions between (a) CO+• and He (1.0 mm slits, 1 nm step
size, 5 scan average) and (b) HCO+ and He (2 mm slits, 2 nm
step size, 3 scan average).
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Figure 4(b), contained the same peaks, all of which were
enhanced in intensity except the O+ band at 283 nm.

Emissions from isomeric C2,H5,Cl+•  ion–target gas

collisions

As with the C2,H4,O+• isomers, it was helpful to start with
smaller fragment ions before attempting to interpret the CIE
spectra of the two C2,H5,Cl+• isomers.

CCl+

The He CIE spectrum of 8 keV CCl+ (from electron ioni-
zation of CH2Cl2 in the ion source) is shown in Figure 5. The
dominant feature is the band at 237 nm which corresponds to
the A 1Π → X 1Σ+ transition of CCl+.16 There is also a minor
peak at 193 nm which is the same C emission as observed for
CO+•.

CH2Cl+

The chloromethyl cation (from electron ionization of
CH2Cl2 in the ion source) exhibits several peaks in its helium
CIE spectrum, Figure 6(a). Some features are similar to those
observed for the C2,H4,O+• ions, the C, H• (Balmer-β), HC+ (B
→ A) and HC (A → X) bands. A strong emission arises from

the CCl+ (A → X) transition. There are three other bands at
~285, 314 and 389 nm. The feature at 389 nm may be due to
the HC (B → X) transition together with the HC+ (A → X)
transition. These two transitions are more intense than ob-
served in the C2,H4,O+• systems described above. When the
collisions were performed in the PC, the only bands that
remained in the spectrum were the CCl+, HC+, HC, C (minor)
and 285 nm peaks. This suggests that the 285 nm band is not
atomic and that the 314 nm band is atomic in nature.

When Ar was used as the target gas, Figure 6(b), the CIE
spectrum showed considerable differences. The C, H•, HC (A
→ X) and Ar+ emissions are present, but the CCl+ (A → X)
band is considerably less intense than when He was the target.
The two minor bands at 285 and 314 nm are still present, along
with Cl+ emissions13 at 384 and 479 nm (which become clearer
under higher resolution). Again, when the collisions were
performed in the PC, only the non-atomic bands listed above
remained to any great extent.

CH3CH2Cl+•

The He CIE spectrum of 8 keV ethyl chloride ions is shown
in Figure 7(a). It was a weak spectrum and so only the major
components were discernable. The previously described C, H•

and HC (A → X) bands are present, together with possibly the
CCl+ transition at 237 nm. The poor resolution of this spec-

Figure 4. Collision-induced emission spectrum obtained from
collisions between vinyl alcohol+• and He (3 mm slits, 2 nm
step size, 15 scan average) and (b) vinyl alcohol+• and Ar (3
mm slits, 2 nm step size, 12 scan average).

Figure 3. Collision-induced emission spectra obtained from
collisions between (a) acetaldehyde+• and He (3 mm slits, 2
nm step size, 16 scan average) and (b) acetaldehyde+• and
Ar (3 mm slits, 2 nm step size, 14 scan average).
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trum does not allow the CCl+ band to be positively identified.
There are possibly several other features between 300 and 420
nm including the above observed band at 314 nm. When Ar
was used as the target, Figure 7(b), there was significantly
more emission allowing a higher resolution spectrum to be
obtained. Similar features were observed, but the CCl+ band

at 237 nm decreased greatly in intensity. Post-collision obser-
vations using Ar target gas identified the HC (A,B → X) and
the HC+ (B → A and possibly A → X) transitions as the
dominant non-atomic emission sources. The experiment was
also performed with sufficient argon to reduce the ion flux to
80% of its pre-cell value, and a weaker CIE spectrum similar
to Figure 7(b) was obtained; again, multiple collision proc-
esses probably do not contribute to the observed emission.

CH3ClCH2
+•

The ylidion isomer of CH3CH2Cl+•, CH3ClCH2
+• (formed

from electron ionization of CH3OC(O)CH2Cl in the ion
source17) contains the same groups as ethyl chloride and so
has a similar CID mass spectrum17 in spite of the different
connectivity of the atoms. Unfortunately, the He CIE spec-
trum of this ion was extremely weak, owing primarily to a
relatively smaller yield of these ions being obtained from the
ion source. The Ar CIE spectrum, Figure 8, was more easily
interpreted. In many ways it was simpler than the correspond-
ing CH3CH2Cl+• spectrum.

Only the two C peaks, the H• (Balmer-β) and the HC (A
→ X) bands were easily observable. There may also be a small
band around 308 nm which could be the same as the 314 nm
band observed for CH2Cl+ and CH3CH2Cl+•.

Figure 5. Collision-induced emission spectrum obtained from
collisions between CCl+ and He (1 mm slits, 0.5 nm step size,
3 scan average).

Figure 7. Collision-induced emission spectra obtained from
collisions between (a) CH3CH2Cl+• and He (3 mm slits, 2 nm
step size, 16 scan average) and (b) CH3CH2Cl+• and Ar (2 mm
slits, 1 nm step size, 5 scan average).

Figure 6. Collision-induced emission spectra obtained from
collisions between (a) CH2Cl+ and He (2 mm slits, 1 nm step
size, 3 scan average) and (b) CH2Cl+, and Ar (2 mm slits, 2 nm
step size, 8 scan average).
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Discussion

Information from C2,H4,O
+• CIE spectra

No emissions which could be related to intact molecular
ions were observed in these experiments (Figures 2–4). In
terms of the quasi-equilibrium theory,18 highly electronically
excited polyatomic ions will rapidly undergo radiationless
transitions to dissociative states. Such events could lead to
only the production of radiatively decaying small fragments,
species which are dissociative cul-de-sacs. It may be that when
future modifications are made to the observation cell and the
detection system, low intensity bands due to emissions from
species more complex than atomic and diatomic neutrals and
ions will be recognisable, but signal-to-noise in the present
experiments precludes their observation. Information can,
however, be obtained on the minimum excitation of the origi-
nal C2,H4,O+• ions needed to form the excited atomic and
diatomic species responsible for the CIE spectra.

Peak intensities in the CID mass spectra

The He and Ar CID mass spectra of the three isomers,
measured under the same conditions as those for the CIE
spectra, are listed in Table 1. They are in agreement with those
published earlier.10,19 In spite of their structural differences, the
CID mass spectra of ionized oxirane and acetaldehyde are
remarkably similar, both, for example, displaying m/z 15 as a
major ion. Differences lie in the C2H3

+ and C2H2
+• ion abun-

dances, not surprising for oxirane+• in view of the ease of ring
opening19 to the more stable distonic ion •CH2OCH2

+. Vinyl
alcohol ions also display a strong m/z 15 peak but then their
rearrangement to ionized methylhydroxycarbene, CH3COH+•,
is known to precede their fragmentation.20 The strongest dis-
tinguishing feature for CH2=CHOH+• is the greater relative
intensity of m/z 27 and m/z 26. Distinguishing features of the
CIE spectra of the three isomers do not easily relate to frag-
ment peak intensities in the CID mass spectra and, at the
present level of sensitivity, they do not permit a ready distinc-
tion between ionized oxirane and acetaldehyde.

There was almost no detectable ion with m/z 31 (C loss) in
the CID spectra to coincide with the large amount of excited
atomic C observed in the CIE spectra and it is in any case
unlikely to have been formed directly from the molecular ions.
Ions with m/z 13 (HC+) and m/z 30 (HC loss) were relatively
minor peaks, though of similar intensities.

Two emission bands possibly directly relate to the CID
mass spectra, the bands for O+ (284 nm) and HO• (312 nm).
The counter-ion to HO• formation, C2H3

+, is nearly non-exis-
tent in the CID of oxirane+•, only 3% of base peak for acetal-
dehyde+• and about 20% for vinyl alcohol+•. This is in keeping
with the relatively similar growth of the HO• emission band.
On the other hand, the O+ peak in the CID mass spectra (which
may be interfered with by CH4+•) follows the opposite trend,
being most intense for oxirane+• and least intense for vinyl
alcohol+•. Producing O+ in the 4d 2F excited state requires 40
eV, an energy demand which may make it a relatively less
likely process for vinyl alcohol+•.

Energy deposition

The excited electronic levels of oxirane, acetaldehyde and
vinyl alcohol molecular ions are known from photoelectron

Figure 8. Collision-induced emission spectrum obtained from
collisions between CH3ClCH2

+• and Ar (3 mm slits, 2 nm step
size, 13 scan average).

 m/z oxirane+• acetaldehyde+• vinyl alcohol+•

 43  23  ( 25  ) 100  (100  ) 100  (100  )

 42   8  (  6  )  11  ( 11  )  26  ( 20  )

 41   0.6 (  0.5)   3.6 (  3  )   5  (  3  )

 40 — ( — )   0.7 (  1.1)   1  (  0.3)

 31   0.6 (  1  ) — ( — ) — ( — )

 30   1.6 (  1.8)   0.4 ( — )   3  (  0.6)

 29 100  (100  )  53  ( 80  )  53  ( 26  )

 28   5  (  3  )   6  (  4  )   5  (  2  )

 27 — (  0.5)   3  (  2.2)  22  ( 17  )

 26   0.6 (  0.5)   6.5 (  3  )  19  ( 12  )

 25 — ( — )   3  (  0.7)   7  (  3  )

 24 — ( — )   0.7 ( — )   1.5 (  0.6)

 16   3  (  4  )   1.5 (  3  )   1  (  0.6)

 15  14  ( 16  )  13  ( 15.6)  23  ( 20  )

 14   9  (  8  )   6  (  5.5)   9  (  6.5)

 13   1.3 (  1  )   2  (  1.5)   3  (  2  )

 12   0.4 (  0.5)   0.8 (  0.7)   1  (  0.6)
aHelium (argon) target gas in the OC, 60% ion beam transmission.

Table 1. Relative intensities of peaks in the He (Ar) CID mass
spectraa of the three C2,H4,O+•• isomers.
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spectroscopy.21 The highest state observed, the E state, was
less than 10 eV above their respective ground states. The
excited fragment species observed in the CIE spectra of the
three isomers, the lowest energy ground state counter-ions or
neutrals and the minimum excitation in each precursor ion
required directly to form the products, are listed in Table 2.

All but one of the emissions observed in the CIE spectra
were the result of at least 6–14 eV being converted from
translational kinetic energy to internal energy of the three
molecular ions. However, no emissions were detected due to
excitation processes requiring less than 6 eV. If intense emis-
sions only result from very rapid dissociations of the ions
having sufficient energy to produce electronically excited
atomic and diatomic fragments, then it is not surprising that
the less energized ions do not give rise to emissions.

Effect of target gas

The He and Ar CIE spectra of each isomer involved similar
excited species but their amounts differed greatly. With Ar, ion
beam emissions due to C, HC and H• were all enhanced.
However, the relative abundance of O+ and HO• in the CIE
spectra of acetaldehyde+• and vinyl alcohol+• decreased with
the introduction of Ar as the target gas. Enhancement of ion
beam emissions may be due to the multitude of excited states
of Ar which can be easily accessible in interactions with the
projectile ion. The exact nature of these interactions could not
be determined in this study.

When Ar was the target, emissions from excited state Ar+

formed by charge transfer with the projectile ion were ob-
served. The charge transfer reaction from ground state Ar to
produce ground state oxirane is endothermic by 5.3 eV and is
even more so for acetaldehyde, 5.5 eV, and vinyl alcohol, 6.6
eV. If Ar+ was formed in the 4d 2F state, the charge transfer
reactions become even more endothermic, 23.3 eV.13

Information from C2,H5,Cl+• CIE spectra

All of the emissions observed in the CIE spectra of the two
C2,H5,Cl+• ions were from atomic and diatomic ions and
neutrals. The chief surprise was the lack of emissions from Cl
containing species, except for a weak CCl+ signal in the
He–CH3CH2Cl+• spectrum [Figure 7(a)]. As for the C2,H4,O+•

ions, the spectra can be used to examine energy deposition in
the projectile ions prior to dissociation.

Peak intensities in the CID mass spectra

The He (Ar) CID mass spectra of the two isomers are listed
in Table 3. The two CID spectra are easily distinguishable,
exhibiting different m/z 49 : m/z 29 peak intensity ratios. The
use of Ar as the target does not significantly change the mass
spectra. It is evident that most of the atomic and diatomic
emitting species observed in the CIE spectra (Figures 7 and 8)
do not result from a simple dissociation but rather from at least
two consecutive dissociations. The dissociation of a C2,H5,Cl+•

ion to form a carbon atom would require the formation of an ion
of composition C,H5,Cl+•, which could only be an ion–neutral
complex involving, e.g. CH4 and HCl. It is therefore unlikely that
the C (3s 1P0) atom results from the direct dissociation of the
molecular ions but comes rather from secondary fragmentations
of smaller ions. As for carbon atom formation, HC+ must be
produced in a two step process since an intact neutral counterpart
of composition C,H4,Cl would be a hypervalent radical. The
generation of HC+ (B) may be accompanied by CH4 + Cl or CH3

•

+ HCl. To form CCl+, the two isomers must eliminate CH5

(another hypervalent radical) or more likely H• + CH4 or similar
combination of fragments.

Energy deposition

The excited fragment species observed in the CIE spectra
of the two isomers, the lowest energy ground state counter-

  Excited fragment Counterparta Minimum excitationb (eV)

Oxirane+• Acetaldehyde+• Vinyl alcohol+•

  C (3s 1P0) •CH2OH2
+ 14.4 15.9 16.5

  H• (n = 4) CH3CO+ 11.7 13.2 13.9

  O+ (4p 2D0) CH2=CH2 37.4 38.9 39.6

  HC+ (B 1∆) •CH2OH 13.0 14.5 15.2

  HC (A 2∆)
+CH2OH  6.3  7.8  8.5

  HO• (A 2Σ+) C2H3
+  5.9  7.4  8.1

aLowest possible energy ground state counter-ion/neutral.
bCalculated based on ground state heats of formation of fragment, counterpart and precursor (Refer-
ence 22) and excited state energies (References 11 and 12) unless otherwise stated.

Table 2. Minimum precursor excitation in 8 keV C2,H4,O+•–target gas collisions.

J.L. Holmes and P.M. Mayer, Eur. Mass Spectrom. 1, 23–31 (1995) 29



ions or neutrals and the minimum excitation in each precursor
ion required to form the products are listed in Table 4.

Effect of target gas

One difference between the CIE spectra obtained for
CH3CH2Cl+• and CH3ClCH2

+• using He and Ar target gases,
aside from the enhancement of ion beam emissions with Ar,
was the abundance of the CCl+ (A → X) emission band. There
is evidence for this band in the He CIE spectra of both isomers,
while it clearly vanishes when Ar was the target.

The same Ar+ bands observed in the C2,H4,O+• CIE spectra
were present in the Ar CIE spectrum of CH3CH2Cl+•, Figure 7(b).

The charge transfer between Ar and ethyl chloride+• is endo-
thermic by 4.78 eV, but will be considerably more so if Ar+ is
formed in the 4d 2F state. There is no mass spectrometric evidence
for the existence of stable neutral CH3ClCH2.17 Interestingly, no
Ar+ emission bands are obvious in Figure 8, indicating that the
charge transfer reaction to form excited Ar+ does not occur.

Conclusions

Even though photon emissions from polyatomic projec-
tile–target gas collisions are due (at the present level of sensi-
tivity) only to atomic and diatomic fragments, information can
be obtained concerning the amount of translational kinetic
energy which is converted into internal energy during the
collision event. The CIE spectra obviously represent only a
small fraction of the excitation events occuring in the collision
cell for polyatomic projectiles. The origin of many of the
excited state species observed in the CIE spectra is not a
simple one-step dissociation from the molecular ions. Colli-
sional excitation followed by dissociation of the precursor
ions may have yielded a wide variety of excited state frag-
ments but these fragments themselves must also dissociate
into smaller species until the atomic and diatomic ions and
neutrals (typically having large dissociation energies) exhib-
ited in Figures 2–8 were formed. Moreover, for collision
processes depositing less energy into the molecular ions,
polyatomic fragments which are not electronically but vibra-
tionally excited may be formed.

This technique presents a new look at the processes occur-
ing in the collision event and has provided information on the
excitation events which are possible in keV polyatomic pro-
jectile–target gas collisions, information unobtainable from
experiments which rely on the interpretation of mass spectra.
This was a primary purpose for starting this investigation.

 m/z CH3CH2Cl+• CH3ClCH2
+•

 63   5  (  8  )   1.4 (  2  )

 62   1.8 (  2  )   0.2 (  0.3)

 61   1.8 (  1.4)   2.5 (  2  )

 60   1.2 (  0.6)   0.5 (  0.2)

 59  >0  ( >0  ) — ( — )

 51 — ( — )   0.9 (  0.6)

 50 — ( — )   5  (  3.2)

 49  23.4 ( 23  ) 100  (100  )

 48   4  (  4  )  13  ( 11.6)

 47   4  (  4  )  11.6 (  9  )

 36   1.2 (  1.4)   0.9 (  0.6)

 35   1.8 (  3.4)   0.9 (  0.6)

 29 100  (100  )  62  ( 48.4)

 28  84.5 ( 88.6)  11.6 (  9  )

 27  26.1 ( 27  )   5.6 (  3.2)

 26  10.6 (  8.6)   2.3 (  1  )

 25   2.1 (  1.7)  >0  ( — )

 24   0.3 (  0.3) — ( — )

 16 — ( — )   0.5 ( — )

 15   0.3 (  0.1)   2.8 (  1.3)

 14   0.3 (  0.3)   2.8 (  1.3)

 13  >0  (  0.1)   0.5 (  0.3)

 12 — ( — )   0.5 ( — )
aHelium (argon) target gas in the OC, 60% ion beam transmission.

Table 3. Relative intensities of the peaks in the He (Ar) CID
mass spectraa of two C2,H5,Cl+• isomers.

Excited fragment Counterparta Minimum excitationb (eV)

CH3CH2Cl+• CH3ClCH2
+• 17

C (3s 1P0) CH4
+• + HCl 16.9 16.2

H•  (n = 4) CH3CHCl+ 13.8 13.1

HC+ (B 1∆) CH4 + Cl 14.0 13.3

HC (A 2∆) CH3ClH+  7.2  6.5

CCl+ (A 1Π)16 CH4 + H•  9.3  8.6
aLowest possible ground state counter-ion/neutral.
bCalculated based on ground state heats of formation of fragment,
counterpart and precursor (Reference 22) and excited state energies
(References 11 and 12) unless otherwise stated.

Table 4. Minimum precursor excitation in 8 keV C2,H5,Cl+•–tar-
get gas collisions.
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Experiments which deserve to be performed are (a) lowering
the accelerating voltage to 2 or 3 keV and examining changes
in the CIE and CID spectra, (b) studying ions whose neutral
counterparts are unstable and examining the changes, if any,
in emissions from ionized target gas species formed in charge
transfer reactions and (c) changing the PC-to-OC distance to
investigate excited state species with longer lifetimes. Other
possible experiments are (a) studying neutral polyatomic pro-
jectiles after neutralizing charged projectiles in the first 3FFR
collision cell and deflecting away the remaining ions with the
deflector electrode (Figure 1), (b) studying the CIE spectra of
negative ions and (c) ions formed from the dissociation of
metastable precursor ions in the 2FFR. These latter experi-
ments will require a more sensitive observation technique
(OC, analyzer and detector). Presently, a charge-coupled de-
vice array detector is being introduced into the experiment. It
should increase the sensitivity enough to perform all of the
experiments described above.
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The mechanism of alkene elimination from the oxonium ions
(CH3CH2)2C=OH+, CH3CH2CH2(CH3)C=OH+
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The reactions of the metastable oxonium ions (CH3CH2)2C=OH+,CH3CH2CH2(CH3)C=OH+ and (CH3CH2CH2)2C=OH+ have
been studied by 13C-labelling experiments. The mechanism of alkene elimination from these oxonium ions is discussed in the
light of earlier studies on the behaviour of their lower homologues, (CH3)2C=OH+ and CH3CH2CH=OH+, which eliminate
ethylene. Propene loss from (CH3CH2)2C=OH+ must entail skeletal rearrangement leading to CH3CH2CH2(CH3)C=OH+ or
related structures. These isomerisation sequences may be formulated in three plausible ways. The first two possibilities involve
1,2-H shifts in conjunction with ring-closures to either protonated oxiranes or oxetanes, followed by ring-opening in the
opposite sense, thus breaking the original C–O bond and allowing the hydroxy function to migrate along the carbon chain.
Alternatively, a combination of 1,2-H and 1,2-alkyl shifts permits the carbon skeleton to be isomerised via the isomeric
oxonium ion, CH3CH2(CH3)CHCH=OH +, without disrupting the C–O bond. Both (CH3CH2)2

13C=OH+ and
CH3CH2CH2(CH3)13C=OH+ lose C3H6 with closely similar high selectivities (88 and 89%, respectively). This observation shows
that the first two routes compete very poorly with the third pathway in which rearrangement of the carbon skeleton occurs
without migration of the oxygen function. Extension of the mechanistic investigation to include propene and butene expulsion
from metastable (CH3CH2CH2)2C=OH+ shows that this preference for retaining the initial C–O connection is general:
(CH3CH2CH2)2

13C=OH+ eliminates C3H6 and C4H8 with extremely high selectivities (~99%).

Introduction

Many members of the important homologous series of
oxonium ions, CnH2n+1O+, have been extensively investigated,
especially at low internal energies, thus giving considerable
mechanistic insight into their interesting chemistry.1 A major
class of fragmentation is alkene loss, which often may be
described by several reasonable mechanisms involving con-
ventional steps and classical intermediates. Thus, metastable
(CH3)2C=OH+, 1, and CH3CH2CH=OH+, 2, eliminate C2H4.2,3

An early study4 found that the carbon atoms of the elimi-
nated molecule of ethylene were selected at random in fast
fragmentations of 13C-labelled analogues of 1. However, two
subsequent investigations showed that (CH3)2

13C=OH+ lost
C2H4 with high selectivities in both fast fragmentations in the
ion source (89%5) and slow dissociations in the field-free
regions (99%5 and 89%6). Consequently, the C–O bond usu-
ally remains unbroken when C2H4 is eliminated from 1.5,6

The first study6 of 13C-labelled analogues of 2 reported that
CH3CH2

13CH=OH+ eliminated C2H4 and CC13H4 at almost
equal rates (in the ratio 49 : 51). This unexpected result was
interpreted by supposing that after two consecutive 1,2-H
shifts starting from CH3CH2

13CH=OH+, ring closure of the
resultant open-chain cation, +CH2CH2

13CH2OH, gives a pro-
tonated labelled oxetane, CH2CH2

13CH2OH+,  in which the
original α- and γ-carbon atoms are equivalent.6 Consequently,
when this protonated oxetane reopens and ethylene loss
occurs by fission of the central C–C bond, C2H4 and CC13H4

are eliminated with equal probabilities by cleavage of
+CH2CH2

13CH2OH and +13CH2CH2CH2OH, respectively.
Supporting evidence for this proposal was found in the loss of
CC13H4 with high selectivity (99%) from CH313CH2CH=OH+.6

However, a later investigation7 of CH3CH2
13CH=OH+ was at

variance with the formation of protonated oxetane because it
indicated that CC13H4 elimination was of negligible impor-
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tance compared to C2H4 loss. A third study8 extended the
analysis to include 13CH3CH2CH=OH+, which was found to
expel CC13H4 with high selectivity, thus confirming that the
initial C–O bond in 2 is normally not broken in ethylene
elimination The erroneous early report6 of CC13H4 loss from
CH3CH2

13CH=OH+ probably arose from confusion caused by
an overlapping signal corresponding to C2H4 elimination from
CH3CH2CH=OH+ generated from residual CH3CH2CH2OH in
the sample of CH3CH2

13CH2OH in which the level of 13C-in-
corporation was only ~50%. 

The most consistent overview of these data is that C2H4 loss
from 2 takes place after two consecutive 1,2-H shifts, followed
by σ-cleavage of +CH2CH2CH2OH, 3, without ring closure to
CH2CH2CH2OH+. The rates of these 1,2-H shifts are faster
than that of σ-cleavage, thus explaining why the carbon-bound
hydrogens of 2H-labelled analogues of 2 become statistically
distributed prior to ethylene loss.9 Similarly, fragmentation of
1 proceeds by unidirectional rearrangement to 2,10 via a
1,2-H-shift to +CH2CH(CH3)OH, followed by a 1,2-methyl
shift, rather than by a route involving formation and sub-
s eque nt  r ing  o pen ing o f  th e p rotonated oxirane,
CH3CHCH2OH+.4 The latter  a lternat ive
[+CH2CH(CH3)OH→CH3CHCH2OH+→ CH3CH+CH2OH] is
excluded by the 13C-labelling results because migration of the
oxygen function would break the original C–O bond. This
overall interpretation is consistent with the results of detailed
collisional and neutralisation–reionisation studies of C3H7O+

ions,11,12 which reveal that 2 and CH3CHCH2OH+ readily
isomerise to form a common structure or mixture of structures
that are distinct from 1 and CH2CH2CH2OH+, both of which
are discrete stable species. These results suggest strongly that
CH3CHCH2OH+  is accessible to 2 via CH3CH+CH2OH, prob-
ably on a reversible basis, and that ring-opening of the pro-
tonated oxirane at low internal energies always occurs to give
the more stable secondary cation, CH3CH+CH2OH, thus con-
serving the C–O bond in 2.

A further investigation of the generality of these mechanis-
tic conclusions concerning the mechanism of alkene loss from
oxonium ions is now timely. This objective can be achieved
by examining the behaviour of the homologous C5H11O+ ions,
which are known to expel C3H6 in slow dissociations.13,14

Results and discussion

T he oxonium ions (CH3CH2)2C=OH+, 4, and
CH3CH2CH2(CH3)C=OH+, 5, display closely similar react-
ions that resemble those of CH3CH2(CH3) CHCH=OH+, 6,
Table 1. Skeletal isomerisation must precede C3H6 elimination
from 4 and 6; moreover, the loss of an appreciable amount of
C3H6 as well  as the expected C3H3D3 from
CD3CH2CH2(CH3)C=OH+ shows that propene expulsion can-
not be explained unless the initial heavy atom framework of
5 is sometimes reorganised .13,14

Various routes for these skeletal rearrangements have been
considered, including migration of the hydroxy function via
formation of protonated oxiranes,13 Scheme 1, or protonated

oxetanes,14 Scheme 2. Both these routes involve rupture of the
original C–O bond. Alternatively, a series of 1,2-H and 1,2-al-
kyl shifts could allow 4 and 5 to reach common intermediates
accessible to 6, while maintaining the initial C–O linkage,14

Scheme 3. The behaviour of 13C-labelled analogues of 4 and
5 unequivocally excludes the first possibility, Table 2. Thus,
(CH3CH2)2

13C=OH+ expels  C3H6 with high selectivity
(~88%), but exclusive C213CH6 elimination would be pre-
dicted on the basis of transfer of the oxygen function from C-3

Scheme 1.

Neutral species lost

H2O C3H6

Ion structure RAa T b RA T

(CH3CH2)2C=OH+ 35c

44d

51e

43f

2.2
2.5

65c

56d

49e

57f

1.7

CH3CH2CH2C(CH3)=OH+ 24c

38d

39e

32f

2.2
2.5

76c

62d

61e

68f

1.7

CH3CH2CH(CH3)CH=OH+ 49c

70d

71e

58f

1.6
1.8

51c

30d

29e

42f

1.7

aRA = Relative abundance normalised to a total of 100 units.
bT = Kinetic energy release (in kJ mol–1) estimated from the width at
half-height of the associated metastable peak.
cMeasured by metastable peak areas arising from dissociation in the
second field-free region of the VG Analytical ZAB-R mass spectrometer
of ions generated by dissociative ionisation of the appropriate alcohol.
dMeasured by metastable peak heights arising from dissociation in the
second field-free region of an AEI MS 902 mass spectrometer of ions
generated by dissociative ionisation of the appropriate alcohol.
eData from Reference 13 (ions generated by dissociative ionisation of
alcohols).
fData from Reference 14 (ions generated by protonation under chemical
ionisation conditions of the appropriate ketone or aldehyde).

Table 1. Reactions of metastable C5H11O
+ ions.
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to C-2 or C-4. Consequently, reorganisation of the carbon
skeleton of 4 must precede C3H6 loss.

The occurrence of almost identical minor amounts (12%
and 11%, respective ly)  of C2

13CH6 expulsion from
(CH3CH2)2

13C=OH+ and CH3CH2CH2(CH3)13C=OH+ points
to a common chemistry for these ions in which the C–O bond

is occasionally broken prior to propene loss. Therefore, a
small proportion of the ions which reach the probable
reacting configurat ion for propene el iminat ion,
CH3CH+CH2(CH3)CHOH, 11, undergo ring closure to the
protonated oxetane, CH3CHCH2(CH3)CHOH+, 12, followed
by ring opening in the opposite sense to give
CH3CH(OH)CH2CH+CH3, 11′, thus opening a channel for
C2

13CH6 expuls ion f rom (CH3CH2)2
13C=OH+ and

CH3CH2CH2(CH3)13C=OH+.
The loss of a greater proportion (~21%) of C2

13CH6 from
CH3CH2CH2(13CH3)C=OH+ suggests strongly that a route
other than cyclisation to the protonated oxetane allows the
methyl group originally attached to the carbon atom carrying
the oxygen function to be transferred to a position from which
it can be expelled in the eliminated propene. If rearrangement
via the protonated oxetane was the only route for this process,
the same percentages of C3H6 and C2

13CH6 would be lost from
CH3CH2CH2(CH3)13C=OH+ and CH3CH2CH2(13CH3)C=OH+. A
likely explanation is that a small proportion of ions generated
as 5 isomerise to 4, so allowing the two methyl groups to

Scheme 2.

Scheme 3.

Neutral species lost

H2O C3H6 C2
13CH6

Ion structure RAa T b RA T RA T

(CH3CH2)2
13C=OH+ 33c 2.2 59.1c 1.7  8.2c 1.6

CH3CH2CH2
13C(CH3)=OH+ 25c 2.3 66.9c 1.7  8.4c 1.5

CH3CH2CH(13CH3)CH=OH+ 26c 2.3 58.5c 1.7 15.7c 1.5
a,b,cSee footnotes to Table 1; RA values for propene losses are quoted to
one decimal place simply in order to avoid introducing rounding errors.

Table 2. Reactions of metastable C4
13CH11O

+ ions.

Scheme 4.
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become equivalent, before dissociation via 11 or 11′ occurs.
All the data can be accommodated by Scheme 4: one quarter
of the ions which reach structure 11 rearrange to 12, thus
allowing one eighth to expel C3H6 after attaining 11′; simi-
larly, one quarter of ions generated as 5 isomerise via 8 to 4,
so allowing exchange of the two methyl groups to precede
formation of 11.

Scheme 4 also explains some interesting general features
of the reactions of 4, 5 and 6. Elimination of H2O competes
with C3H6 loss more effectively starting from 6 than from 4 or
5; furthermore, the kinetic energy (KE) release associated
with H2O expulsion from 6 is smaller than those for the
corresponding dissociation of 4 and 5. Thermochemical data15

indicate that the products given by H2O loss are ~50 kJ mol–1

more stable than those formed by C3H6 expulsion.
These trends reveal that H2O loss has a lower critical16

energy than C3H6 elimination and that the population of dis-
sociating metastable ions formed as 6 has a lower average2,17

internal energy than those generated as 4 or 5. Isomerisation
of 4 and 5 to 7 and other structures accessible to 6 is normally
irreversible: these rearranged ions tend to dissociate faster
than they revert to 4 or 5. This finding is in accord with the
labelling data. The highest energy species en route to
CH3CH=OH+ and C3H6 are probably the secondary cations
CH3CH2CH+CH(CH3)OH, 10, and CH3CH+CH(OH)CH2CH3,
8. These open-chain cations should have appreciably higher
enthalpies of formation than the isomeric secondary cation,
11, because the unfavourable interaction between the electron-
withdrawing β-hydroxy group and the nearby charge site will
be greater for 8 and 10 than is the case for 11, which contains
a more distant γ-hydroxy substituent.18,19 It is significant that
the KE releases associated with C3H6 loss from 4, 5 and 6 are
the same within experimental error, whereas in H2O elimina-
tion dissociation of 6 has an appreciably lower KE release than
those associated with fragmentation of 4 and 5. This distinc-
tion arises because C3H6 loss from 4, 5 and 6 necessarily
entails rearrangement to 11 via 10. However, although 4 and
5 must also isomerise to 8 and/or 10 before expelling H2O, 6
can undergo this reaction via the more stable tertiary cation
CH3CH2C+(CH3)CH2OH, 7, without rearranging to either 8 or
10.

There are clear contrasts between the behaviour of 2 and
those of its higher homologues 4, 5 and 6. Even at very low
internal energies, 2 apparently interconverts freely with the
protonated oxirane, CH3CHCH2OH+, via CH3CH+CH2OH, as
is shown by the close similarity of the collision-induced
dissociation (CID) spectra of C3H7O+ ions generated by direct
protonation of propionaldehyde and methyloxirane, respec-
tively.11 ,12 However, 2 does not rearrange to the protonated
oxetane, CH2CH2CH2OH+, via +CH2CH2CH2OH, even at the
slightly higher internal energies needed to induce C2H4 loss.7,8

On the other hand, the 13C-labelling results reported in this
study establish that 4 and 5 do not interconvert rapidly via the
corresponding protonated oxirane, 9, prior to elimination of
C3H6. This finding is consistent with collisional studies14,20 of
C5H11O+ ions generated by fragmentation of ionised alcohols

or by protonation of the appropriate C5H10O precursors: al-
though the reactions of metastable 4 and 5 are essentially
identical and similar to those of 6,13,14 each of these three ions
displays a distinctive CID spectrum, all of which differ from
that of 9. These results indicate that 4, 5 and 6 (and probably
9) exist in discrete potential energy wells, such that there are
sizeable barriers for rearrangement of each to any of the
others. Nevertheless, at internal energies sufficient to induce
dissociation of metastable ions, 4 and 5 are able to reach
common intermediates and transition states which are also
accessible to 6. Moreover, the main route for isomerisation of
4 to 5 involves formation of 6, rather than 9, because the C–O
linkage of 4 is conserved with a selectivity of almost 90% in
propene loss. However, both the new 13C-labelling experi-
ments and earlier 2H-labelling data14 indicate that a small
percentage of ions generated as 5 are able to rearrange to the
protonated oxetane, 12, thus allowing the initial C–O bond to
be eventually broken before C3H6 is lost. 

The greatly reduced degree of interconversion of 4 with 9
can be partly attributed to differences in the energetics of the
isomeric C5H11O+ ions compared to those of the lower homo-
logues in the C3H7O+ system. Construction of a potential
energy profile21 (PEP) for C3H7O+ ions reveals that the ener-
gies of both CH3CHCH2OH+ and CH3CH+CH2OH are much
lower (by 86 and 108 kJ mol–1, respectively22) than the com-
bined enthalpies of formation of CH2=OH+ and C2H4.

Furthermore, the postulated reacting configuration for
C2H4 loss (+CH2CH2CH2OH) lies at an appreciably higher
energy than 2, CH3CHCH2OH+ and CH3CH+CH2OH. Conse-
quently, the rate of interconversion of 2 with CH3CHCH2OH+

and CH3CH+CH2OH becomes quite rapid even at energies
close to or slightly below those needed to promote C2H4

expulsion. In contrast, when the PEP for the analogous
C5H11O+ ions is constructed from known15,23–29 or esti-
mated18,19,30–32 thermochemical data, Figure 1, it is evident that
the corresponding open-chain cations, 8 and 10, do not lie
appreciably below the threshold for C3H6 elimination. More-
over, the postulated reacting configuration for C3H6 loss (11)
is lower in energy than 8 and 10. As a result, the energy needed
to promote rearrangement of 4 and 5 to 10 and 8 is comparable
to that required to induce C3H6 loss. In other words, once 10
has been formed from 5 (or from 4 via isomerisation involving
6), further rearrangement via the favourable 1,2-H shift to 11
followed by C3H6 elimination requires almost no additional
energy. Consequently, interconversion of 4 and 5 via any route
involving 10 is reduced in efficiency because it must occur in
competition with exoergic formation of 11 which leads C3H6

loss.
However, even after due allowance for these energetic

differences has been made, it appears that another factor must
discriminate against ring closure of the α-hydroxy cations to
protonated oxiranes. Elimination of C3H6 from 4 via either the
proposed dominant route (4→8→6→10→11) or the pathway
(4→8→9→5→10→11) involving the protonated oxirane
necessarily entails initial formation of the same open-chain
cation, 8. Therefore, the 1,2-C2H5 shift which converts 8 into
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6 must occur more rapidly than the apparently favourable
cyclisation to 9. A similar argument suggests strongly that the
1,2-H shift by which 8 may revert to 4 must also take place
more readily than ring closure to 9. These trends may reflect
the energetics of the relevant steps: both the 1,2-C2H5 and the
1,2-H shift in 8 lead to species (6 and 4, respectively) that are
lower in energy than 9. However, there may also be an addi-
tional effect discriminating against formation of 9 because the
conformation of 8 that is best suited to cyclisation to 9 is one
in which the C–O bond and the unoccupied p-orbital lie in a
common plane. This conformation is one which maximises
the unfavourable interaction between the hydroxyl substituent
and the unoccupied p-orbital.18 In contrast, the conformations
appropriate for the 1,2-C2H5 or the 1,2-H shifts bring the
substituent that is about to migrate, rather than the C–O bond,
into a common plane with the unoccupied p-orbital. More-
over, it is one of these rotamers which should be initially
formed by the 1,2-H shift which converts 4 into 8. These
conformational considerations may also favour the 1,2-C2H5

or the 1,2-H shifts over cyclisation to form protonated oxira-
nes.

The major conclusions concerning the mechanism of C3H6

loss from 4 and 5 are reinforced by the behaviour of the higher

homologue (CH3CH2CH2)2C=OH+, 14. This species is
known33 to lose predominantly H2O and C3H6, together with
smaller amounts of C4H8 and “C3H8O” (actually sequential
elimination34 of H2O and C3H6). Expulsion of C4H8 entails
skeletal rearrangement and could occur via reorganisation of
the carbon framework or by migration of the oxygen function.
The loss of C3H6 and C4H8 with high selectivities (>99% and
>95%, respectively), Table 3, establishes that the former is the
case, Scheme 5. Any migration of the oxygen function from
C-4 to C-3 or C-5 via protonated oxiranes would result in
C3

13CH8 elimination from (CH3CH2CH2)2
13C=OH+. Similarly,

any involvement of protonated oxetanes would lead to C5H10

loss from (CH3CH2CH2)2C=OH+ and C4
13CH10 elimination

from (CH3CH2CH2)2
13C=OH+. However, none of these proc-

esses is observed to a measurable extent.

Conclusions

The skeletal isomerisations which often precede alkene
expulsion from oxonium ions of general s tructure
R1R2C=OH+ normally involve reorganisation of the carbon
framework via 1,2-H and 1,2-alkyl shifts. Migration of the

Figure 1. Potential energy profile for isomerisation and dissociation of (CH3CH2)2C=OH+, CH3CH2CH2(CH3)C=OH+ and
CH3CH2CH2(CH3)C=OH+.
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oxygen function rarely, if ever, occurs via protonated oxiranes
and only occasionally via protonated oxetanes. The 1,2-alkyl
shifts in the α-hydroxy cations occur more rapidly than cycli-
sation to the protonated oxiranes, even though formation of
such three-membered rings is often considered to be a kineti-
cally facile process. Since the enthalpies of formation of
protonated oxiranes are lower than those of the relevant α-hy-
droxy cations, this finding suggests strongly that 1,2-H and
1,2-alkyl shifts are kinetically preferable to cyclisation in
these systems.

Experimental

Most of the mass spectra were recorded on the VG Analyti-
cal ZAB-R mass spectrometer. Details of the geometry of this
three-sector (BE1⊥QE2) instrument have been reported else-
where.35 Data on the dissociation of metastable ions in the
second field-free region were obtained by the MIKES tech-
nique.17 The quoted spectra are integrated data, compiled from
2–5 individual scans. Typical operating conditions were 70 eV
ionising electron energy and 7910 V accelerating voltage. The
KE releases were estimated from the width at half-height of
the appropriate metastable peak, by means of the standard
one-line equation17,36 after applying the usual correction37 for
the width at half-height of the main beam. The remaining new
data reported in Table 2 were obtained with an AEI MS 902
double-focusing mass spectrometer, operating at an ionising
electron energy of 70 eV, an accelerating voltage of 8 kV and
a source pressure of ~10–6 Torr. The KE releases for C3H6 loss
were estimated from the width at half-height of the associated

peaks arising from dissociation of metastable ions in the
second field-free region, by means of the usual one line
equation,17,36 after applying the usual correction for the width
at half-height of the main beam.37 The quoted values are the
means of 4–6 individual scans.

The oxonium ions studied in this work were generated by
dissociative ionisation of the appropriate secondary or tertiary
alcohols. These alcohols were either commercially available

Neutral species lost

H2O C3H6 C2
13CH6 C4H8 C3

13CH8 C3H8O

Ion structure RAa T b RA T RA T RA T RA T RA T

(CH3CH2CH2)2C=OH+ 59c 3.1 31c 2.4 8c  2.2 2c ∼3

(CH3CH2CH2)2
13C=OH+ 60c 3.2 32.1c 2.4 <0.5 7.5c 2.5 <0.5 ∼2c

a,b,cSee footnotes to Table 1; values for alkene losses are quoted to one decimal place simply in order to avoid introducing rounding errors.

Table 3. Reactions of metastable C7H15O
+ and C6

13CH15O
+ ions.

1 CH3CH2Br (CH3CH2)3COH
i, ii, iii

i, iv, iii
2 CH3CH2(CH3)CHBr [CH3CH2(CH3)CH]2CHOH

Scheme 6. Reagents and conditions: i, 1.2 moles Mg,
(C2H5)2O; ii, 0.4 moles CH3CH2CO2CH3; iii, saturated aqueous
NH4

+Cl– solution; iv, 0.4 moles HCO2CH2CH3.

1 CH3CH2CH2Br (CH3CH2CH2)2(CH3)13COH
i, ii, iii

2 CH3CH2CH2Br (CH3CH2CH2)2(13CH3)COH
i, iv, iii

3 CH3CH2Br (CH3CH2)2(CH3)13COH
i,ii, iii

Scheme 7. Reagents and conditions: i, 1.2 moles Mg,
(C2H5)2O; ii, 0.3 moles CH3

13COCl; iii, saturated aqueous
NH4

+Cl– solution; iv, 0.3 moles 13CH3COCl.

Scheme 5.
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[(CH3CH2)2C(CH3)OH] or synthesised by unexceptional
methods via the routes shown in Scheme 6. The 13C-labelled
alcohols were prepared from commercial (Aldrich) samples
of specifically labelled acetyl chlorides containing a high level
(>99%) incorporation of 13C via the routes shown in Scheme
7. Comparison of the 70 eV electron impact ionisation mass
spectra of the labelled alcohols with those of the correspond-
ing unlabelled analogues indicated that the label had been
incorporated with high selectivities (99%) at the desired posi-
tion.
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Unimolecular fragmentations of the pyrene radical cation were studied by time-resolved photo-ionization in the VUV,
RRKM/QET calculations and MS/MS with electron ionization. The major reactions observed are parallel H•• and H2 losses,
as well as consecutive H•• losses. Activation parameters were deduced for the reactions. Appearance energies were determined
for the microsecond and millisecond time ranges. The reactions demonstrate large conventional and intrinsic shifts. The H••

loss reactions are characterized by loose transition states and have no reverse activation energies. This has enabled the
determination of new thermochemical data. The C–H bond energy in the pyrene radical cation was deduced to be 4.6 eV and
the heat of formation of the pyrenyl cation, ∆Hf0

0(Cl6H9
+) = 1190 kJ mol–1. The results are discussed in light of the possible

role of pyrene-like ions in interstellar space.

Introduction

The photostability of polycyclic aromatic hydrocarbons
(PAHs) is of importance in view of their astrophysical role.l

PAHs are considered to be the most abundant free interstellar
organic molecules known.2 A large fraction of PAHs are
expected to be ionized in the interstellar medium. The ionized
PAHs are attractive candidates for the diffuse interstellar
bands which have been known for some time. It has recently
been demonstrated3 that a pyrene-like molecular ion may
cause the 4430 Å diffuse interstellar absorption band. The
importance of naphthalene and phenanthrene cations as inter-
stellar species4 has led us recently to a detailed investigation
of the energetics and dynamics of dissociation of these spe-
cies.5 The present research effort is devoted to pyrene.

The special resilience of PAHs towards decomposition can
be understood—it is due to their high bond energies and their
large numbers of degrees of freedom. These attributes make
them attractive candidates for study by time-resolved photo-
ionization mass spectrometry (TPIMS), a technique which we
have developed in recent years.6 Ions can be trapped in a
Paul-type cylindrical ion trap (CIT) for up to several tens of
milliseconds.7 This allows fragmentations at low energies and
enables the determination of “kinetic shifts”.5–7 Owing to the
long time-scale used, the experiment probes the energy region
where fragmentation is in competition with radiative cooling.

This is the key region for the study of the survival of PAHs in
the interstellar medium.8

Pyrene, as opposed to naphthalene and phenanthrene, is a
compact PAH. As such it is less prone to acetylene loss,8 but
loses hydrogen atoms. Nevertheless, appearance energies
have recently been determinedl for H loss, H2 loss, as well as
acetylene loss. When pyrene molecular ions undergo surface-
induced dissociation,9 by far the most abundant peak is (M –
2H)••+. Whether the unimolecular loss of 2H•• atoms is consecu-
tive,8,9 or due to H2 loss as formulated by Jochims et al.,l is an
open question of interest in interstellar chemistry.

We undertook a detailed study of the VUV photo-ioniza-
tion and fragmentation of pyrene using our ion trapping device
for time-resolved measurements. The data obtained, as well
as their modelling by RRKM calculations, will be described
here. This study was combined with an electron ionization
MS/MS study, in order to decide between the consecutive 2H••

and single step H2 loss channels.

Experimental

The experimental technique of TPIMS has been described
in detail recently,5–7, 10,11 and only a brief description will be
given here. Photo-ionization is induced by a pulsed vacuum–
UV light source, either the Hinteregger discharge in hydrogen,
producing the many-line spectrum, or the Hopfield continuum
in He. Photo-ions are trapped in a CIT. They are ejected into
a quadrupole mass filter by a draw-out pulse, following a
variable delay time. In this study ions were stored from
~20 µs to 10 ms. The radio frequency (RF) of the potentialaArchie and Marjorie Sherman Professor of Chemistry.
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applied to the cylindrical barrel electrode of the CIT is 0.5
MHz (ω/2π). The ion creation pulse is a train of short pulses
applied to the light source. An ejection pulse is applied to the
end-cap electrode of the CIT nearest the mass filter, and a
detection pulse is gating the ion counter. The RF voltage is
applied to the cylindrical electrode of the CIT throughout the
whole cycle. The effective wavelength resolution employed is
5.0 Å. This corresponds to an energy resolution of ~ 0.02 eV
near the ionization threshold of pyrene (~ 7.4 eV) and of ~ 0.1
eV near the fragmentation onsets.

A simple Knudsen-type molecular beam source for low-
volatility compounds constructed earlier5 was used to study
pyrene.

Mass-analyzed ion kinetic energy spectroscopy (MIKES)
studies and high voltage (HV) scans were carried out on a VG
ZAB-2F double-focussing mass spectrometer of reversed ge-
ometry.l2

Pyrene was a commercial sample from Aldrich (99% stated
purity) which was employed without further purification.

Results and discussion

Time-resolved photo-ionization efficiency curves.

Experiment
The total ion photo-ionization efficiency (PIE) curve for

pyrene was measured over the photon energy range 7–21.2 eV
and the resultant curve is represented in Figure 1. It is domi-
nated by a strong resonance with a maximum at 17.1 eV. C60

displays a similar resonance peak. This has been interpreted13

as being due to excitation of a collective plasmon resonance
which is a bound state embedded in the ionization continuum.

The parent PIE curve between 7 and 13.5 eV is presented
in Figure 2. The ionization energy, 7.40 ± 0.l eV, is in excel-
lent agreement with available literature data 7.45 ± 0.02 eV,3

7.41 eVl4 and 7.42 eV.l5 Higher ionization energies are known

from photo-electron spectroscopy.l5 The maxima of the photo-
electron spectral bands are clearly discernible as pronounced
changes in slope in the PIE curves (Figure 2).

We have studied three major reaction channels in pyrene
namely, H•• loss, H2 loss and consecutive H•• loss, Reactions
(1)–(3),

The PIE curves for daughter ions Cl6H9
+ and C16H8

••+ from
pyrene are presented in Figure 3 for t ~ 24 µs. The PIE of
Cl6H8

••+ is much weaker than that of Cl6H9
+ below ~ 19 eV, but

rises sharply above ~ 19 eV. From the experimental PIE
curves, from RRKM/QET modelling (see below) and from
MS/MS studies (see below), we conclude that the daughter
ions Cl6H8

••+ come from two different reaction channels—par-
allel H2 loss in the low energy range and consecutive H-loss
in the high energy range. The product ions were labeled
C16H8

••+ (I) and C16H8
••+ (II), respectively. Figure 4 shows the

threshold energy regions for these two reactions. There are
four well-established reaction channels which the benzene ion
undergoes: H••, H2, C2H2 and C3H3

•• losses.16 Two major uni-
molecular reactions, H•• loss and C2H2 loss have been studied
by TPIMS in this laboratory5 for naphthalene and phenan-
threne. Minor reaction channels in naphthalene are C4H2 and
H2 losses.5,l7 The appearance energy (AE) of C2H2 loss from
pyrene was published recently.l This reaction was also ob-
served in our experiment, but was too weak for accurate
time-resolved measurements to be made.

C16H10
+

C16H8
+ (I) + H2

C16H9
+ + H

C16H8
+ (II) + H

(1)

(2)

(3)

Figure 1. PIE curve for pyrene ions, without mass selection,
in the 7–21.21 eV range.

Figure 2. PIE curve for pyrene parent ion Cl6H10
•+ in the 7–13.5

eV energy range. The arrows point to energies for which
there are maxima in the photo-electron spectrum of py-
rene.15
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The AEs of daughter ions were measured from PIE curves
with and without ion trapping. Time-resolved PIE curves for
Cl6H9

+ at 24 µs and 5 ms are presented in Figure 5. We nor-
malized all the daughter ion PIE curves by the ratio between
parent and daughter at 21.2 eV. Because of mass resolution
problems, contributions from the parent ions to the mass
positions of (M – H)+ and (M – 2H)••+ had to be subtracted at
long ion trapping time. Time-resolved PIE curves for Cl6H8

••+

at 24 µs and l0 ms are presented in Figure 6. Figure 7 displays
time-resolved PIE curves for Cl6H8

••+ (I) due to the H2 loss
reaction and Figure 8 shows time-resolved PIE curves for
C16H8

••+ (II) for the consecutive H•• loss reaction. Fairly large

kinetic shifts are clearly observed. Pronounced AEs are sum-
marized in Table 1. The AE for the H-loss channel in the
microsecond time range is in good agreement with the value
by Jochims et al.l The value for the H2 loss channel is much
lower than the literature value indicating that what was meas-
uredl is what we believe to be due to the consecutive loss of
2H•• atoms.

The PIE curves for parent (Cl6H10
••+) and daughter (Cl6H9

+)
ions are shown for two storage times over similar energy
ranges in Figure 9 (a, b). Several clear changes are observed
upon extension of the ion storage time: (1) The rising onset
for Cl6H9

+ shifts to lower energies (as noted before in Figure
5) and (2) the relative abundance of Cl6H9

+ versus Cl6H10
••+

Figure 3. Experimental [(••)–Cl6H9
+, (♦) Cl6H8

•+] and calculated
(lines) PIE curves for pyrene in the microsecond range (~24
µs).

Figure 4. Experimental H2 and 2H• loss PIE curves in the
microsecond range.

Figure 5. Time-resolved experimental [(••) 24 µs, (♦) 5 ms]
and calculated (lines) C16H9

+ daughter ion PIE curves for
pyrene. The PIE curves are in arbitrary units to scale. The
relative intensities of the experimental PIE curves of the
parent served to scale the experimental daughter ion PIEs.

Figure 6. Time-resolved experimental [(••) 24 µs, (♦) 10 ms]
and calculated (lines) C16H8

•+ daughter ion PIE curves. See
caption to Figure 5 for normalization.
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increases. Similar observations were made for the H2 loss and
consecutive 2H• loss reactions.

The similarity between the parent PIE curve (Figure 9) and
the total ion PIE curve (Figure 1) indicates that only the parent
ion contributes to the giant resonance peak around 17 eV.

RRKM/QET calculations

Time-resolved PIE curves were modeled by RRKM/QET
calculations in a similar manner described before.5 The micro-
canonical rate coefficients k(E) were calculated as a function
of energy by an RRKM program.l8 This was done for the three
reactions (1)–(3). Figure 10 shows the schematic potential
energy diagram for pyrene ion dissociation. The vibrational

Figure 7. Same as Figure 6 but in the energy range up to 18
eV (H2 loss only).

Figure 8. Time-resolved experimental [(••) 24 µs, (♦) 10 ms]
and calculated (lines) Cl6H8

•+ (II) daughter ion (2H• loss) PIE
curves. The experimental curves were obtained by subtract-
ing the contribution from the H2 loss reaction. See caption
to Figure 5 for normalization.

Ion Reaction AE in eV (time)

C16H8
• + (I) (1) 15.2 ± 0.2 (24 µs), 14.2 ± 0.2 (10 ms)

C16H9
+ (2) 16.2 ± 0.2 (24 µs), 15.2 ± 0.2 (5 ms) 

C16H8
• + (II) (3) 19.2 ± 0.2 (24 µs), 18.4 ± 0.2 (10 ms)

Table 1. Time-resolved appearance energies (AEs) for ions
from pyrene.

Figure 9 (a). Parent Cl6H10
•+ (♦) and Cl6H9

+ daughter (••) ion
PIE curves at 24 µs. — experimental results; lines–calculated.

Figure 9 (b). Same as Figure 9 (a) but at 5 ms.
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frequencies of the reactant ion Cl6H10
•+ were taken equal to

those of the corresponding neutral.l9(a) Using the vibrational
frequencies of the ionl9(b) had no marked effect on the results.
Vibrational frequencies of the transition states were varied to
get the best agreement with experiment. It is widely accepted
that the details of the frequency changes in the transition state
are not very important,20 the important factor is the degree of
tightness or looseness of the transition state which is charac-
terized by a single parameter—the activation entropy at l000
K, ∆S‡

l000 K.
When we modeled the consecutive H• loss reaction we

assumed that the H• atom does not carry any energy. The
internal energy of Cl6H9

+ was taken as the excess energy above
the H• loss activation energy E2

° (see Figure 10). Time-re-
solved parent and daughter ion breakdown curves were calcu-
lated from the rate-energy [k(E)] dependences at 0 K; these
give the internal energy dependences of the fractional abun-
dances of the ions. The internal energy for the consecutive H•

loss reaction was shifted by E2
° when calculating its break-

down curve. The breakdown curves can be converted into
time-resolved curves as a function of photon energy by adding
the ionization energy of the molecule to the internal energy.
Calculated time-resolved breakdown graphs are presented in
Figure 11. In these calculated breakdown curves an additional
parallel energy independent rate process representing radia-
tive decay in the infrared and/or collisional cooling was em-
ployed, together with the dissociative rates. A similar
approach was applied previously.5 The radiative decay rate,
which gave best agreement with all experimental PIE curves
in this study, is 400 s–1.

The 0 K breakdown curves were convoluted with the in-
strumental slit function, with the calculated thermal energy
distribution at the temperature of the experiment and with the

energy deposition function. The vibrational energy distribu-
tion of gaseous Cl6H10 at 425 K (the temperature of our experi-
ment) is given in Figure 12. It is an almost symmetrical
distribution with a maximum very near the average internal
energy 0.49 eV (shown as a vertical line). This average inter-
nal energy may contribute to the appearance energy of daugh-
ter ions. The photo-electron spectrum of pyrene15 was
employed as the first trial energy deposition function. This had
to be modified somewhat. The HeI PES of pyrenel5 shows a
sharp drop in the high energy range in which all the fragmen-
tation reactions take place. We found that we could not model
the consecutive reaction with the HeI PES as the energy
deposition function due to its very low probability in the
threshold energy range of the consecutive reaction. A modi-
fied PES, to which assumed contributions from auto-ioniza-
tion were added to the high energy range, was taken as the
energy deposition function. Its fine details are related to the
1st derivative of the PIE and are of minor importance, but it
was demonstrated to give better agreement with experiment.
The energy deposition function employed is compared with
the HeI PES in Figure 13.

The resultant curves following convolution of the 0 K
breakdown curves, as explained above, represent the calcu-
lated first derivatives of the PIE curves of ions, provided the
threshold law for photo-ionization is a step function.2l These
curves were integrated to compare them with the experimental

Figure 10. Schematic diagram of the postulated potential
energy curves for the pyrene ion dissociation. (energy values
in eV).

Figure 11. Calculated breakdown curves for pyrene parent and
daugher ions at 24 µs and 10 ms. C16H10

•+ ——; C16H9
+ — - - —,

C16H8
+(I) - - - - -; C16H8

+(II) — - —.
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time-resolved PIE curves and they are included in Figures 3
and 5–9.

The giant resonance peak in the parent ion PIE curves could
not be fit with the theoretical calculation as shown in Figures
9 (a and b). It probably originates from an auto-ionization
process of neutral superexcited states due to collective π
electron excitation. Auto-ionization may lead to an isolated
electronic state of the parent ion which does not internally
convert to the ground state, but may radiatively decay. It is
very difficult to assess the contribution of this auto-ionization
process to the energy deposition function but from all the
evidence we have it has a negligible contribution to the frag-
mentation processes.

The activation parameters—the critical energies E0 and
activation entropies ∆S‡

l000 K, which best fit the whole set of
experimental daughter PIE curves—are summarized in Table
2 together with the optimal values of the radiative (and colli-
sional) decay constants as well as the σ values, which repre-
sent the number of equivalent reaction pathways. Figure 14
represents our calculated k(E) dependences for the parallel and
consecutive reactions in pyrene.

Comparison of calculated and experimental kinetic shifts

The “conventional” kinetic shift (CS) is defined as the
excess energy required to observe detectable (1%) dissocia-
tion within 10 µs, appropriate for conventional mass spec-
trometer appearance energy measurements.2l,22 The “intrinsic”
kinetic shift (IS) is taken as the energy needed for 10%
fragmentation in competition with radiative relaxation of the
excited ion.22 The latter definition is appropriate for an ion trap
appearance energy experiment unlimited by ion containment
time. Large kinetic shifts have been observed for naphthalene
and phenanthrene5. CS for the acetylene loss from phenan-
threne is 4.07 eV while IS is 3.25 eV.5 The kinetic shifts for
pyrene were calculated from the k(E) dependences of Figure
14. The appearance energies (AEs) expected for the l0 µs
range and for an ion trap experiment with unlimited storage

Figure 12. Vibrational energy distribution of gaseous Cl6H10

at 425 K. The vertical line denotes the average vibrational
internal energy.

Figure 13. Comparison of energy deposition function (EDF)
used in RRKM/QET modelling (upper) and HeI PESl5 (lower).

Reaction E0 (eV) ∆S‡
1000 K (eu) krad (s

–1) σ

(1) 3.52 –12.7 400  4

(2) 4.60 +10.7 400 10

(3) 4.10 +13.3 400  9

Table 2. RRKM/QET parameters for pyrene cation fragmenta-
tion.

Figure 14. Calculated rate energy k(E) dependence for pyrene
ion dissociation.
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time were calculated as well. The results are presented in Table
3. The experimental AEs (Table 1) are lower than the predicted
limits. This is reasonable since the experimental values were
obtained at 425 K and contain a compensating effect due to
the internal thermal energy of the parent ion. There is com-
paratively good agreement between the predicted values and
the experimental AEs for the H• loss and 2H• loss reactions.
A key parameter for interstellar chemistry is the internal
energy of the parent ion at the appearance energy of a particu-
lar fragment ion.l This internal energy was previously calcu-
latedl for k = 104 s–1 and for k = 102 s–l and found to be 8.69 eV
and 7.67 eV, respectively, for the H• loss reaction in pyrene.
Calculations were carried out using the RRK theory rather
than RRKM. Our calculated values are higher by 9.74 eV and
8.45  eV, respectively. In the RRK calculationsl the critical
energy E0 was 2.8 eV, while our value is 4.6 eV (see Table 2),
which is more plausible for the C–H bond energy.5 We have
recently determined again the critical energy for C–H bond
cleavage in naphthalene•+ and found it to be 4.48 eV.23 The
pyrene system thermochemistry will be discussed in greater
detail below.

The breakdown curves allow one to calculate cross-over
energies (the energies at which the parent has dropped to 50%
abundance) and cross-over shifts (the shifts of these values
between the microsecond range and the long storage time
chosen). The cross-over energy for pyrene at 24 µs is 17.47
eV and the cross-over shift is 1.37 eV for the 5–10 ms time
range.

Thermochemical information and reaction mechanisms 

The activation parameters deduced from the modelling
allow us to draw the schematic potential energy diagram
(Figure 10). The H• loss reactions were both drawn as having
no reverse activation energies, i.e. loose transition state. In
other words, the critical energies may be equated with the
corresponding C–H bond dissociation energies. This informa-
tion, combined with additional thermochemical data (Table
4), allows one to calculate the heat of formation of the frag-
ment ions. The heat of formation of pyrene at 0 K was calcu-
lated from the 298 K valuel4 and from the pyrene frequencies19

using standard statistical mechanics methods: ∆Hf0
0 (C16H10)

= 246.9 kJ mol–1. Employing the ionization energy gives
∆Hf0

0 (C16H10
•+) = 962 kJ mol–1. Since ∆Hf0

0(H•) = 216.0 kJ
mol–1, we can calculate the heat of formation of pyrenyl cation
Cl6H9

+–∆Hf0
0 (Cl6H9

+) = 1190 kJ mol–1;  in addit ion ∆Hf0
0

(Cl6H8
•+ [II]) = 1369 kJ mol–1.

Jochims et al.l have assumed that E0 decreases for the H•

loss reaction as the PAH size increases. This assumption is
incorrect since E0 (and the ionic C–H bond energy) is 3.88 eV
in benzene24 while being 4.48 eV in naphthalene.23 We find
that E0 is 4.6 eV for pyrene (Table 2). The charge site is highly
localized in closed shell Cl6H9

+ compared with parent radical
cation Cl6H10

•+ which has π-delocalization of the radical and
the charge over the large aromatic system.25 An effect of the
positive charge which weakens the aromatic C–H bond has
been noted, but as the aromatic framework is enlarged, this
effect is attenuated.23

The H2 loss reaction has a low critical energy and a rather
tight transition state with ∆S‡

1000 K = –12.7 eu (Table 2). This
indicates a four-center concerted reaction having a reverse
activation energy. We can thus only estimate an upper limit for
the heat of formation of Cl6H8

•+ (I), ∆Hf0
0 ≤ 1301 kJ mol–1.

This upper limit is lower than the value deduced for Cl6H8
•+

(II) for either of two reasons: At least one of the values
deduced is incorrect or the two ions have different structures.
Further work is necessary in order to clarify this point.

MIKES and high voltage spectra

In the HV scans performed on our ZAB-2F we selected the
ion Cl6H8

•+ (m/z = 200) and ran a spectrum of its precursors.
The result is presented in Figure 15. It demonstrates clearly
that there are two precursor ions leading to Cl6H8

•+ in the first
field-free region of the instrument, one is the pyrene molecular
ion (m/z = 202) Cl6H10

•+ and the other is the parent minus one
hydrogen atom, Cl6H9

+ (m/z = 201). The relative abundance of
the two processes (corresponding to Reactions (1) and (3),
respectively) is as expected from the PIE curves for Cl6H8

•+ (I)
and Cl6H8

•+ (II), (see Figure 3).
The metastable peak shapes for the three reactions obtained

by MIKES are given in Figures 16, 17 and 18. The peak shapes
are not symmetrical because of mass resolution. The metas-
table peak shapes for H• loss from Cl6H10

•+ (Figure 16) and
from Cl6H9

+ (Figure 18) are sharp pseudo-Gaussian, in agree-

Reaction CS IS AE (10 µs calculated) AE (t →∞, calculated)

(1) 6.29 4.71 17.22 15.64

(2) 4.45 3.64 16.46 15.65

(3) 3.52 2.86 19.63 18.97

Table 3. Kinetic shifts for pyrene dissociation (eV).

Species ∆Hf0
0 (kJ mol–1) IE (eV)

0 K 298 K

C16H10 (pyrene)   246.9a 216 ± 1 b 7.41b

C16H10
• +  (pyrene)  962a 931b  

C16H9
+ (pyrenyl)  1190a 

C16H8
• + (I) <1301a  

C16H8
• + (II)  1369a 

H•   216.0b 218.0b

aPresent results.
bReference 14.

Table 4. Thermochemical data.
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ment with reactions having loose transition states with no
reverse activation energy. The average kinetic energy releases
for the H• loss reaction and for the consecutive H• loss reaction
are 0.35 eV and 0.24 eV, respectively. These fairly high values
are due to the large excess energy required for the dissocia-
tions to occur in the microsecond time range, characteristic of
the second field-free region of our ZAB-2F instrument. The
kinetic energy releases are in qualitative agreement with the
relative values of kinetic shifts for the two reactions (Table 3).

The peak shape for the H2 loss reaction (Figure 17) is
characteristic of a reaction with a tight transition state and a
reverse activation energy, since it is dish-topped. The kinetic
energy release for this reaction is 0.61 eV.

Conclusion

We believe this to be the first study to differentiate the H2

loss reaction from the two consecutive H• losses in pyrene. We
have deduced activation parameters for these reactions as well
as thermochemical information concerning their daughter
ions. The C–H bond energy deduced for the pyrene radical
cation, 4.6 eV is in agreement with the rising trend of C–H
bond energies with increasing PAH size. The value for

Figure 15. HV scan of m/z 200 from pyrene. The daughter ion
C16H8

•+ (m/z 200) has two precursors—C16H10
•+ (m/z 202) and

C16H9
+ (m/z 201).

Figure 16. Metastable ion peak shape (second field-free
region, ZAB-2F dissociation) for H• loss from pyrene. The
normal parent beam passed at an energy of 7818 eV. The
metastable peak is obtained by scanning the electrostatic
energy analyzer (ESA) voltage.

Figure 17. Metastable ion peak shape for H2 loss from pyrene.
See caption to Figure 16.

Figure 18. Metastable ion peak shape for consecutive H• loss
from C16H9

+. The normal C16H9
+ passed at an energy of 7819

eV. See caption to Figure 16.
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pyrene•+ is very nearly the same as the value for neutral PAHs,
4.8 eV.23 
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Mass spectra of ethylenediaminetetraacetic acid (EDTA) were obtained using electron ionization (EI), chemical ionization
(CI) and fast atom bombardment (FAB). Thermal degradation was observed in both EI and CI. It was nevertheless possible
to obtain reproducible spectra and characteristic peaks at 125°C probe temperature. In FAB, protonated EDTA ions were
observed only if the matrix was acidified. Selection of matrices also influences the [M + H]+ signal in acidic solution, the best
results being obtained with the matrix glycerol. The influence of pH becomes more evident for EDTA in HCl solutions of
different concentration. These results seem to indicate an important role for protonated [M + H]+ species in solution prior to
gaseous ion formation by FAB. The main effect of acid seems to be a solubility effect, although surface activity may also play
a role.

Introduction

Ethylenediaminetetraacetic acid is a well-known chelating
agent with many applications in analytical procedures, agri-
culture, pharmacology and industry. The chemical and physi-
cal properties of EDTA and EDTA complexes as well as their
applications have been extensively studied (see for example
References 1–4). The unequivocal importance of the use of
EDTA as an additive in many applications and a possible need
for its identification explains our interest in studying the
behaviour of this compound by mass spectrometry, using
different ionization techniques. Mass spectrometry is known
to be an extremely sensitive and versatile analytical tool.
Studies of EDTA by this technique are, however, rare.5–8 The
interpretation of the results has in fact been hampered in
electron impact studies by a strong component of thermal
degradation.5 With respect to fast atom bombardment (FAB)
studies, these have been carried out either on EDTA com-
plexes8 or using EDTA in its salt form.6,7

First, we used electron impact, the most common ioniza-
tion technique, and, due to the possible influence of thermal
degradation, we examined its behaviour as a function of probe
temperature. As expected, thermal degradation occurred when
EDTA was studied in the positive chemical ionization mode.
Fast atom bombardment mass spectrometry9 is still the tech-
nique most widely used for the characterization of non-vola-
tile and thermally-labile compounds that are not amenable to
electron impact or chemical ionization methods. The behav-
iour of EDTA was, therefore, also examined under FAB
conditions. This technique proved to be the most suitable for
the identification of this compound. The lack of solubility of

the intact EDTA molecule might be a drawback for obtaining
high quality spectra. This solubility problem may partly be
resolved by the use of acids.10,11

A detailed investigation of the experimental conditions has
been undertaken in order to optimize the experimental tech-
nique for this type of compound. It has been widely recog-
nized that the nature of liquid matrices determines the
sputtering and ionization yields and hence the overall charac-
teristics of the spectra.12 For some analytes, the addition of
acids to the solvents under FAB conditions frequently en-
hances the generation of [M + H]+ ions observed in the spec-
tra.10,13 In order to study the influence of the matrix and the
addition of acids, several widely used matrices have been
selected and, in the case of glycerol, different experiments
were carried out adding hydrochloric, oxalic and acetic acids.

Experimental

The experiments were performed on an AEI MS9 mass
spectrometer which had been updated by VG Analytical.
Electron ionization was performed with 70 eV electrons, 200
µA trap current and a source housing pressure of 10–6  Torr.
For the CI experiments a low electron energy of 45 eV was
used since it proved to be the most suitable in agreement with
previous reports in the literature.14 The emission current was
430 µA and the source housing pressure was 10–4 Torr. The
reagent gas used was NH3. The source temperature used was
200°C for both EI and CI.

The FAB mass spectra were obtained by bombardment of
the target surface by a beam of energetic xenon atoms pro-
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Figure 1. Mechanism for the ionization of H6Y
2+ and H5Y

+ ions.

Figure 2. EI mass spectra of EDTA at probe temperatures of (a) 50°, (b) 100°, (c) 125° and (d) 150°C.
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duced by an Ion Tech FAB gun operated at 7 keV and 0.6 mA.
The ion source was maintained at 70°C. Absolute amounts of
about 10 µg EDTA were added to the matrix on the target.
Where applicable, 10 µl of acid was added to the sample on
the probe immediately before probe insertion.

In all the experiments the ions were accelerated through 8
kV.

The chemicals were obtained commercially and used with-
out further purification.

Results and discussion

EDTA, commonly abbreviated as H4Y, ionizes in acidic
solution to the species H5Y+ and H6Y2+.11 In strong acid
solution both H5Y+ and H6Y2+ species exist and the mechanism
for the ionization of these species is represented in Figure 1.

Electron impact

In an attempt to study EDTA by electron impact mass
spectrometry, we performed several experiments at different
probe temperatures, since it has been proved that EDTA
undergoes thermal degradation.5

The mass spectra recorded at four temperatures are shown
in Figure 2. As it may be seen, at 50°C [Figure 2(a)] the most
intense peaks are at m/z 18, 28 and 44. The peaks at m/z 18
and 44 corresponding to [H2O]+• and [CO2]+•, respectively, are
characteristic of thermal degradation. Nevertheless, mass
spectrometric fragmentations cannot be ruled out. In addition

to the peaks obtained at 50°C, low intensity peaks at higher
masses may be found at l00°C [Figure 2(b)]. With the probe
temperature at l50°C [Figure 2(d)] peaks up to m/z 171 are
more intense than at 100°C. The same does not apply for
higher masses for which the ion abundance seems to be rather
constant. At higher temperatures the compound did not come
out. We tried therefore an intermediate temperature, 125°C
[Figure 2(c)] which proved to be the best one. Reproducible
spectra were obtained at this temperature and the peak corre-
sponding to the molecular ion m/z 292, is observed in spite of
being small. It is therefore possible to obtain useful informa-
tion on EDTA using the electron impact technique under these
experimental conditions and at a 125°C probe temperature.

Positive chemical ionization

The chemical ionization mass spectrum (Figure 3) ob-
tained with ammonium as the reagent gas, does not show any

Figure 3. CI mass spectrum of EDTA. Reagent gas NH3.

m/z 217 173 160 159

With probe 26.6 5.5 2.1 4.1

Without probe 24.2 5.0 2.4 4.9

Probe reinsertion 18.6 7.7 3.1 4.2

Table 1. Relative abundances (%) of EDTA ions in NH3 CI mass
spectra.
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peak at the characteristic masses of chemical ionization [M +
H]+, [M – H]+ and [M + NH4]+. The more intense peak at m/z
217 appears to originate from protonation of the m/z 216 ion
observed in all EI spectra.

In order to investigate a possible contribution from thermal
degradation processes, a probe withdrawal experiment was
performed. The intensities of the ions of m/z 159, 160, 173 and
217 were monitored whilst the probe was withdrawn and then
reinserted with no further addition of compound. When the
probe was reinserted, the intensity of the peak at m/z 217 never
regained its value prior to withdrawal whereas the intensities
of the peaks at m/z 173, 160 and 159 surpassed their original
values (Table 1). These observations suggest that the m/z 217
ion is only formed in a mass spectrometric process. For the
other ions, m/z 159, 160 and 173, a contribution from thermal
degradation is operative.

Fast atom bombardment

FAB analyses of EDTA in several matrices do not yield [M
+ H]+ ions or any ions indicative of the analyte molecule.

EDTA is barely soluble in water (0.5 g/100 ml at 80°C)1

and usually insoluble in most solvents. We decided therefore
to add some acid in order to overcome the solubility problem
and to facilitate the protonation of this molecule.

Matrix liquids such as diethanolamine, triethanolamine,
glycerol, thioglycerol and m-nitrobenzyl alcohol were tried
with and without acid. The FAB mass spectra of EDTA in
these matrices, acidified with concentrated HCl, are shown in
Figure 4. A significant increase in [M + H]+ ion abundance
may be observed when the matrix is selected in what appears
to be the following order triethanolamine < diethanolamine <
m-nitrobenzyl alcohol < thioglycerol < glycerol. This order is
in agreement with surface tension measurements performed

Figure 4. Positive-ion FAB mass spectra of EDTA in acidic matrices (a) triethanolamine, (b) diethanolamine, (c) m-nitrobenzyl
alcohol, (d) thioglycerol and (e) glycerol.
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on EDTA solubilized in the acidified matrices.15 The surface
tension decreased from glycerol to triethanolamine in the
same order. The increased ion signal when the surface tension
is raised suggests that surface activity effects may also play a
role in the production of [M + H]+. Our results agree with the
findings of Takayama et al.,16 who suggest that the use of
hydrophilic matrices favours [M + H]+ production compared
to the use of hydrophobic matrices such as m-nitrobenzyl
alcohol.

Since the overall results obtained with glycerol in acidic
solution were comparatively better than those with the other
matrices with respect to the ion intensities from the analyte,
the results presented here are only using glycerol as the matrix.

The effect of the addition of three acids of different
strength to EDTA in glycerol was investigated. The mass
spectrum of EDTA in glycerol when 1M acetic acid is added
to the matrix may be seen in Figure 5. All the peaks
observed are characteristic of glycerol whereas EDTA
peaks are absent. The mass spectrum obtained with the
addition of 1M oxalic acid is shown in Figure 6. Besides
the characteristic peaks of glycerol and oxalic acid, the
protonated molecule [M + H]+ at m/z 293 may be found,
although it was in small abundance. When the acid added
was the stronger hydrochloric acid the mass spectrum in
Figure 7 was obtained. The enhancement of the [M + H]+

signal is evident. From these results it may be concluded
that the protonation of the molecule is more effective in HCl
than in oxalic acid and absent when acetic acid is used. It
is reasonable to attribute this effect in part to a dependence
on acid strength. A possible explanation could be the gen-

eration of protonated H5Y+ species in strong acid solutions.11

The influence of pH becomes more evident from the
results obtained for EDTA in HCl solutions at different
concentrations. The addition of 0.1M HCl to the FAB
matrix resulted in the appearance of m/z 293 ions corre-
sponding to the protonated molecule. These ions were nev-
ertheless not very abundant, as may be seen in Figure 8
where glycerol was the matrix compound used. When in-
creasing the concentration of HCl up to 1M, the mass
spectrum shown in Figure 7 was obtained. The relative [M
+ H]+ signal improves by approximately a factor of 10.
Figure 9 shows the result of adding concentrated HCl.
When concentrated HCl is used the [M + H]+ signal is
enhanced two-fold with respect to 1M HCl.

These experiments seem to emphasize the important role
of protonated [M + H]+ species in solution prior to FAB analy-
ses.

The known presence of H6Y2+ species in strong acid solu-
tions prompted us to investigate whether this doubly-charged
species could be observed in the FAB mass spectra. The
spectra do not provide, however, any evidence for the presence
of the doubly-charged species H6Y2+, which is not unexpected
since multiply charged ions have very seldom been ob-
served.17,18 Moreover, it has been argued that FAB mass spec-
tra should reflect solution composition but in the absence of
side effects.19

The acid effect observed seems to be mainly a solubility
effect whereas surface activity may also play a role. We intend
to investigate further these aspects in the near future.

Figure 5. Positive-ion FAB mass spectrum of EDTA in glycerol
with 1 M acetic acid.

Figure 6. Positive-ion FAB mass spectrum of EDTA in glycerol
with 1 M oxalic acid.
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Conclusions

FAB mass spectrometry proved to be the more suitable
technique for the identification of EDTA. Abundant [M
+ H]+ ions and little fragmentation are obtained in acid solu-
tion by suitable choice of both the matrix compound and the
acid. Optimized spectra were obtained with glycerol acidified
with concentrated HCl.

With respect to EI and CI techniques it is possible to
identify EDTA at a 125°C probe temperature in spite of the
existence of a strong component of thermal degradation.
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Fast atom bombardment and electrospray tandem mass spectrometry.
Some fragmentation reactions in cyclic nitramines studied using

collision-induced dissociation
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The initial fragmentation pathways of some cyclic nitramines containing nitroguanidine and/or secondary nitramine groups
were identified by fast atom bombardment (FAB) ionization mass spectrometry. Their partially nitrated analogues were
analyzed as nitric acid salts using both FAB and electrospray (ES) ionization mass spectrometry. The ES technique gave simple
mass spectra dominated by the more diagnostic higher molecular-mass species, which were ideal for tandem mass spectrometry
(MS/MS) studies. Fragment-molecule adduct ions of the type [MH + NO2]+ and/or [MH + NO] + were observed in the FAB
spectra in some cases. Fragmentation processes of these and the protonated molecules, together with some fragment ions,
were elucidated. The main fragmentation processes were the loss of H2O, NO2 group(s) and to a lesser extent NO. Minor
transitions involving ring fragmentations were more favorable for the nitric acid salts than their more highly nitrated
analogues.

Introduction

The mass spectral fragmentation pathways of cyclic ni-
tramines have been studied using a variety of techniques of
varying analytical utility. Like most explosives, cyclic ni-
tramines are heat-labile and are easily decomposed prior to
ionization.1 Their electron impact (EI) spectra are charac-
terized by low abundances of molecular ions and many ions
in the low mass region,2 with the fragmentation pathways
observed under these conditionsl,3,4 of interest because of their
possible correlation with thermal decomposition pathways.5,6

Fragmentation can be reduced using chemical ionization and
pathways have been determined by recording mass analyzed
ion kinetic energy (MIKES)/collision-induced dissociation
(CID) spectra in both the positive and negative ion modes.1,4

Useful information on molecular mass and relatively simple
spectra have also been obtained using field ionization and field
desorption techniques.1,7

We have found fast atom bombardment (FAB) a particu-
larly useful technique for obtaining analytical information on
the cyclic nitramines 1–5 (Scheme 1). These cyclic com-
pounds contain nitro groups attached to secondary amines
(secondary nitramines) and/or the imino group of guanidines

(nitroguanidines). The partially nitrated analogues 2b–5b
were examined as nitric acid salts. The acid salts are also
suitable for analysis using electrospray ionization (ES) mass
spectrometry. This technique8–11 has been recently developed,
largely as a result of the pioneering work of Fenn et al.12–14 Its
utility as a method for analyzing high molecular-mass biopo-
lymers and, more recently metal complexes,15–l7 has been
demonstrated; however, few studies of low molecular-mass
organic compounds have appeared. More recently the ESMS
of some explosives, including HMX, have been obtained in
the negative ion mode.18 An intrinsic feature of softer ioniza-
tion techniques, such as ES, is that the mass spectra tend to be
simple with most of the ion current in the more diagnostic
higher mass fragments, facilitating MS/MS studies of these
ions.

We now report the first tandem mass spectrometry
(MS/MS) study using FAB and positive-ion ES ionization
techniques with explosives, and the determination of some
fragmentation reactions of molecule-fragment adducts, pro-
ton adducts and daughter ions of the cyclic nitramines (1–5)
and nitroguanidine (NQ) which served as a useful model
compound.
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Experimental

Fast atom bombardment collision-induced mass spectra
(FAB CID MS/MS) were obtained with a VG ZAB 2HF (VG
Instruments) mass spectrometer. FAB conditions: current 1
mA, accelerating voltage 8 kV using argon gas. The pressure
of argon in the second collision cell was measured outside the
cell as 2 × 10–7 Torr which reduces the main beam by c. 10%,
equivalent to single collision conditions for the purposes of
this investigation. The samples for FAB were dissolved in an
appropriate solvent and mixed with a matrix (glycerol or
3-nitrobenzyl alcohol).

Electrospray mass spectra were obtained using a VG Quat-
tro mass spectrometer (VG Biotech, Altrincham, UK). The
samples (100 pmol µl–1) were dissolved in water/acetoni-
trile/formic acid (50 : 50 : 1), which was also used as the
mobile phase. The samples were injected directly into the
spectrometer via an ISC (Lincoln, NE, USA) SFC-500 syringe
pump at a flow rate of 5 µl min–1. A dry nitrogen bath gas at
atmospheric pressure was employed to assist evaporation of
the electrospray droplets. The electrospray probe tip potential
was 3.5 kV with 0.35 kV on the chicane counter electrode.
The voltage of the first skimmer electrode (B1 voltage) was
between 40 V and 60 V, as indicated. The second quadrupole
of the triple quadrupole instrument was used as the collision
region with argon used as the collision gas, at a pressure that
gave approximately a 50% reduction in the parent ion abun-
dance. The collision energy used for each experiment is indi-
cated in Table 3.

Nitroguanidine was obtained from a commercial source,
compounds 1, 2 and 4 were prepared by literature methodsl9–2l

and the synthesis of compounds 3 and 5 is described else-
where.22

Results and discussion

FAB spectra of nitroguanidine (NQ) and cyclic nitramines

1, 2a–5a

The FAB mass spectra of nitroguanidine and the cyclic
nitramines 1, 2a–5a all gave protonated molecules. The rela-
tive abundance of these ions varied from less than 4% for 2a
and 5a to 31% for 3a. The fragment-molecule adduct ions,
[MH + NO2]+ (m/z 308) and [MH + NO]+ (m/z 292), were
observed in the FAB spectra of 3a. Formation of fragment-
molecule adduct ions for other cyclic nitramines have been
previously observed4,23 in electron impact, and positive and
negative chemical ionization modes. Daughter ions of the
protonated molecules (Table 1), molecule-fragment adducts
(Table 1) and some major fragment ions (Table 2) were
determined by CID. The abundances of the daughter ions are
expressed as a percentage of the most abundant fragment ion.

Fragmentation of the proton adduct of the model com-
pound, nitroguanidine, commences predominantly by loss of
H2O, with competing smaller losses of NO and NO2. Under
EI conditions the initial fragmentation of nitroguanidine in-
volves only loss of NO and NO2,24 however, the analogous loss
of OH is a minor pathway in the fragmentation of some
secondary nitramines under EI conditions.25

The initial fragmentation of the protonated monocyclic
nitroguanidine 1 also involves competing loss of H2O, NO2

and to a lesser extent loss of NO. The loss of 14 u from this

Scheme 1.
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ion is an unexpected result indicating the loss of N or CH2,
and requires further investigation. H2O and NO2 losses are also
the dominant fragmentation pathways of the protonated bicy-
clic bis-nitroguanidine 2a. The less intense fragment ion of
m/z 139 arises from loss of two NO2 fragments. The ion of m/z
141 probably results from loss of NO2 and N2O. The rear-
rangement reaction that results in the loss of N2O would give
the corresponding cyclic urea as the stable product ion.

Compounds 3a, 4a, and 5a contain both nitroguanidine and
secondary nitramine groups. In 3a and 4a the dominant frag-
mentation pathway of MH+ is loss of NO2, with ions of half
this abundance resulting from loss of two NO2 groups; loss of
NO2 also occurs in 5a, but as a minor pathway. The MH+ ion
of 4a shows a major fragmentation pathway involving loss of
H2O and to a lesser extent the loss of NO. In contrast, the major
fragmentation pathway for compound 5a was loss of OH. This
compound (5a) was the most difficult to analyze using FAB
and gave very weak high molecular-mass ions, however, du-
plicate analyses supported the observed loss of OH. Minor

pathways from the protonated bicyclic compound 3a are loss
of all three NO2 groups to give an ion of m/z 125, and loss of
the O2NNCH2NNO2 fragment to give a monocyclic ion of m/z
129. This latter decomposition route provides information
useful in structural elucidation.

The [MH – NO2]+ ion of m/z 217 in the spectrum of 3a is
formed by two competing pathways since its daughter ions of
m/z 83 and 129 (Table 2) are due, respectively, to loss of
O2NNCH2NNO2 (from the ion formed by loss of NO2 from
the nitroguanidine group) and loss of NCH2NNO2 (from the
ion formed by loss of NO2 from a secondary nitramine group).
Another low molecular-mass daughter ion (m/z 98) from the
[MH – NO2]+ ion probably arises from loss of two NO2 groups
and HCN. Other daughter ions are formed by loss of one and
two NO2 groups, and H2O.

The molecule-fragment adduct ions, [MH + NO]+ and
[MH + NO2]+, observed in the spectrum of compound 3a both
fragment predominantly by loss of two NO2 groups. The latter
adduct ion fragments to a lesser extent with loss of two NO
groups, and with H2O and NO2 losses occurring from the [MH
+ NO]+ ion.

Com-
pound Parent ion (P) Daughter ion

Relative
abundance 
(%) FAB

  2b [MH – NO]+  156

[MH – NO2]+  140

138 [P – H2O]+

139 [P – OH]+

126 [P – NO]+

114 [P – HNC=NH]+

139 [P – H]+

126 [P – 14]+

123 [P – OH]+

113 [P – HCN]+

112 [P – 28]+

 98 [P – HNC=NH]+

 88
100
 32
 20
100
  9
 80
 17
 12
 85

  3a [MH – NO2]+  217

[MH – 2NO2]+  171

[MH – CH2N4O4]+  129

171 [P – NO2]
+

125 [P – 2NO2]
+

129 [P – CH2N3O2]
+

199 [P – H2O]+

 98 [P – HCN3O4]
+

 83 [P – CH2N4O4]
+

125 [P – NO2]
+

 79 [P – 92]+

111 [P – H2O]+

115 [P – CH2]
+

100
 40
 30
 40
 20
 25
100
 25
100
 65

  3b [MH – NO2]+  172 155 [P – OH]+

145/146 [HCN]+/[CN]+

126 [P – NO2]
+

109
 97/98
 84 [P – CH2N3O2]

+

 17
 80
100
100
 12
 65

  5b [MH – OH]+  271 253 [P – H2O]+

241 [P – NO]+

225 [P – NO2]
+

179 [P – 2NO2]
+

 57
 87
100
 39

Table 2. FAB daughter ions (CID) from major fragment ions.

Compound Parent ion (P) Daughter ion

Relative
abundance
(%) FAB

  NQ [MH]+  105  87 [P – H2O]+

 75 [P – NO]+

 67 [P – 38]+

 59 [P – NO2]
+

100
 13
 14
 13

  1 [MH] +  131 117 [P – 14]+

113 [P – H2O]+

101 [P – NO]+

 85 [P – NO2]
+

100
 75
 35
 75

  2a [MH] +  231 213 [P – H2O]+

185 [P – NO2]
+

141 [P – (NO2)N2O]+

139 [P – 2NO2]
+

100
 97
 70
 40

  3a [MH + NO2]+  308

[MH + NO]+  292

248 [P – 2NO]+

216 [P – 2NO2]
+

274 [P – H2O]+

246 [P – NO2]
+

233 [P – 59]+

200 [P – 2NO2]
+

 15
100
 18
 18
 15
100

[MH] +  263 217 [P – NO2]
+

171 [P – 2NO2]
+

129 [P – CH2N4O4]
+

125 [P – 3NO2]
+

100
 50
  5
  3

  4a [MH] +  191 176  [P – 15]+

173 [P – H2O]+

161 [P – NO]+

145 [P – NO2]
+

 99 [P – 2NO2]
+

 14
 70
 18
100
 50

  5a [MH] +  377 360 [P – OH]+

347 [P – NO]+

331 [P – NO2]
+

100
 44
 30

Table 1. FAB daughter ions (CID) from molecule-adduct ions
of NQ, 1 and 2a–5a.
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FAB and ES spectra of the nitric acid salts of cyclic

nitramines 2b–5b

Both the FAB and ES mass spectra of the acid salts of
2b–5b show abundant protonated molecules. The intensities

of the [MH]+ peaks in the FAB spectra varied from 100% for
3b to around 50% for 2b, 4b and 5b. Their relative abundance
in the ES spectra of the acid salts varied from 35% for 2b to
64% for 5b and is dependent on the skimmer voltage which

Compound Parent ion (P) Daughter ion Relative abundance (%)

FAB ESa

  2b [MH + NO]+  216 198 [P – H2O]+

186 [P – NO]+

170 [P – NO2]
+

100
 38
 16

[MH]+  186 168 [P – H2O]+

156 [P – NO]+

143 [P – CH3N2]
+

142 [P – N2O]+

140 [P – NO2]
+

100 [P – NCNNO2]
+

 97 [P – NO CH5N3]
+

 94 [P – 92]+

 93 [P – 93]+

 71
 45

 16
  5
 15

100

  5
 57
 48

 37
100
 16

  8
 37

  3b [MH + NO2]+  264 172 [P – 2NO2]
+

126 [P – 3NO2]
+

109 
 84 [P – NO2 CH2N4O4]

+

100
  4
  3
  3

[MH + NO]+  248 202 [P – NO2]
+

156 [P – 2NO2]
+

126 [P – NO 2NO2]
+

 84 [P – NO CH2N4O4]
+

100
 85
  4
  4

[MH]+  218 172 [P – NO2]
+

109 
 84 [P – CH2N4O4]

+

126 [P – 2NO2]
+

100
  3
  4
  4

100
 19
 19

  4b [MH] +  146 132 [P – 14]+

128 [P – H2O]+

125 [P – 21]+

117 [P – H2C=NH]+

100 [P – NO2]
+

 73 [P – NO2HCN]+

 42 [C2H4N]+

 30 [NO]+

  8
 15
  7
 25
100

 15

  6
100
 20
 55
 15

  5b
[MH + NO2]+  333 316 [P – OH]+

288
272
241 [P – 2NO2]

+

195 [P – 3NO2]
+

 20
 11
 21
100
 10

[MH] +  287 270 [P – OH]+

241 [P – NO2]
+

195 [P – 2NO2]
+

 99 [P – NO2 C3H4N5O2]
+

 98 [P – NO2 C3H5N5O2]
+

 15
 43
100
 16

 13
 50

100
aSkimmer voltage and MS/MS collision energy, respectively, for each compound are: 2b
(60 V, 20 eV); 3b (40 V, 20 eV); 4b (50 V, 50 eV); and 5b (50 V, 20 eV).

Table 3. Daughter ions (CID) from molecule-adduct ions (FAB) and protonated
molecules (FAB and ES) of the nitric acid salts of 2b–5b.
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is quoted in Table 3 (increasing the skimmer voltage may
cause CID in its vicinity where the pressure is close to atmos-
pheric). Typical examples of these are the mass spectra of 3b
obtained by (a) ES at B1 = 40 V and (b) FAB, given in Figure
1. The ES spectra are much simpler than the FAB spectra,
showing less fragmentation and less chemical noise, with the
FAB spectra being complicated by the ion current contribution
of the matrix.

Molecule-fragment adduct ions were not detected in the ES
spectra but [MH + NO2]+ and/or [MH + NO]+ adduct ions are
present in the FAB spectra of 2b, 3b and 5b. The ion at m/z
256 in the spectrum of 3b is presumably due to [MK]+, from
potassium ions incidental in the system. The daughter ions
derived from the protonated molecules as well as the mole-
cule-fragment adducts (Table 3) and some major fragment
ions (Table 2) were determined from CID spectra. The abun-
dances of the daughter ions are expressed as a percentage of
the most abundant fragment ion.

The compounds contain cyclic nitroguanidine groups (2b
and 4b) or secondary nitramine groups (3b and 5b) in combi-
nation with protonated cyclic secondary amine (4b) or cyclic
guanidine groups. The FAB [MH]+ ions and molecule-frag-
ment adduct ions decompose largely by reactions of the cyclic
nitramine groups. These reactions typically involve loss of
nitro group(s), some losses of H2O and less frequent examples
of loss of nitroso groups (see discussion above). The cleavage
of the O2NNCH2NNO2 observed for 3a is also a minor reac-
tion of the structurally related salt (3b) and occurs in combi-
nation with loss of adducts to give the m/z 84 ion. A number
of ring fragmentation reactions of [MH]+ give rise to minor
daughter ions and some examples are: loss of the H2CNH
fragment from the secondary amine 4b, loss of NO and
guanidine from 2b to give the m/z 97 ion, decomposition of
3b to m/z 109 (probably C3H3N5) and 5b to m/z 99 (probably
C3H7N4) which may be monocyclic guanidines.

Fragmentation reactions of some major daughter ions de-
rived from some [MH]+ ions, under FAB conditions, were also
examined (Table 2). Significant new fragmentation reactions
observed are: loss of HNC = NH from the ions m/z 156 and
140 derived from 2b, and loss of HCN from cyclic guanidine
ions of m/z 140 (from 2b) and 172 (from 3b).

Daughter ions formed from the MH+ ions of 2b–5b under
both ES and FAB conditions are compared (Table 3). The ES
spectra differ significantly since no ions corresponding to
losses of H2O or NO were observed. An elimination of N2O
from the nitroguanidine in 2b is observed in the ES spectrum
and the similar fragmentation observed in the FAB spectrum
for 2a has been discussed. Loss of NO2 is the dominant
reaction under both ES and FAB conditions. Ring fragmenta-
tion of [MH]+ ions was also observed under ES conditions. In
particular, the major initial fragmentation pathway for 5b
involves the loss of 189 u, presumably due to fragmentation
of the pyrazine ring (P–C3H5N5O2) together with loss of the
second NO2 group. A similar transition was observed as a
minor peak in the FAB spectrum of 5b. Some ring fragmen-
tation reactions not observed under FAB conditions are loss

of O2NNCN from 2b, and loss of both NO2 and HCN to give
the m/z 73 ion in the spectrum of 4b.

Conclusions

Fast atom bombardment was found to be a useful technique
for the characterization of several cyclic nitramines, including
some examined as nitric acid salts of amines. Protonated
molecules, and in some cases adduct ions with NO and/or
NO2, were observed. The main fragmentation reactions of
these ions and major fragment ions typically involve loss of
nitro group(s), some losses of H2O and less frequent examples
of loss of nitroso groups. The minor ring fragmentation reac-
tions compete more effectively with these nitramine decom-
position reactions in the fragmentation reactions of the nitric
acid salts. These nitric acid salts also give similar useful
spectra under ES conditions. Differences arise because no NO
or NO2 adduct ions or losses of either H2O or NO from MH+

ions occur in the ES spectra. Some differences in some ring
fragmentation reactions were also noted.
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Figure 1. Mass spectrum of compound 3b (a) ESMS, (b)
FAB-MS.
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FAB Mass Spectrometry of New Polydentate Schiff Bases

Fast atom bombardment mass spectrometry of new polydentate Schiff bases.
3. The case of mono- and bis aldimine containing benzo-5-crown-5 groups
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The mass spectrometric behaviour of five polydentate Schiff bases derived from the condensation of formyl or diformyl
precursors (2,3-dihydroxybenzaldehyde, 2-hydroxy-3-methoxybenzaldehyde, 4-methyl-2,6-diformylphenol, 2,6-diformyl-
pyridine or 2,2-(ethylenedioxy) dibenzaldehyde with 4-amino-benzo-5-crown-5 has been investigated by fast atom bombard-
ment and metastable ion studies The mass spectra mainly exhibit the results of decomposition processes related to the crown
moiety. Only for two compounds have cleavages of the aldimine group been demonstrated. This behaviour is explained either
by protonation on specific sites or by the occurrence of resonance phenomena. 

Introduction

It is well known that Schiff bases can easily coordinate
metal ions, giving rise to stable complexes. These ligands have
been employed in the study of stereochemical, electronic,
magnetic and catalytic properties of metal complexes.l More-
over they have successfully been proposed as models of the
active sites of metal-enzymes.2

In the recent past macrocyclic, macrobicyclic and
macroacyclic compartmental Schiff bases have been prepared
in one-step multiple condensation reactions of suitable formyl
or keto- and amine precursors.l,3 The insertion of additional
donor atoms (S, P, O, N) into the coordination moiety of these
systems can be tuned, in order to make them suitable and
selective for particular ions, especially transition metal ions.
Moreover emphasis was placed on ligands incorporating oxy-
gen donor atoms, such as crown-ethers, which are considered
good ligands for non-transition metal ions, especially alkaline
or alkaline-earth ions.l,3

Many papers have been published on the ability of these
macrocyclic ligands to mimic ion encapsulation and transport
of natural systems. The ability of these synthetic ligands to act

as suitable chelating agents for alkaline or alkaline-earth ions
has been attributed to several factors, including the goodness
of fit of the cation in the ligand cavity and the nature and the
shape of the donor set.

The fusion of the Schiff base and crown-ether properties
into a unique entity can give rise to polynucleating ligands
with different coordination chambers in close proximity. These
systems can incorporate suitable d-metal ions into the Schiff
base sites and non-transition or f-metal ions into the crown-
ether sites. The coordination of a metal ion into the crown-
ether cavity can considerably modify the physico-chemical
(electrochemical, optical, magnetic) properties of the metal
ion bound to the Schiff base system and the mutual interaction
through the ligand of the two metal ions can be applied to the
development of molecular devices. To this end we have pre-
pared a series of Schiff bases containing crown-ether by
condensation of the appropriate formyl- or diformyl- precur-
sors with 4-amino-benzo-5-crown-5. In particular the reaction
of the formyl or diformyl derivatives 2,3-dihydroxy-benzal-
dehyde, 2-hydroxy-3-methoxy-benzaldehyde, 2,6-diformyl-
4-methylphenol,  2,6-diformyl -pyr id ine and
2,2′-(ethylenedioxy) dibenzaldehyde with 4′-benzo-5-crown-
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5 in methanol forms the compounds 1–5, as white-yellow,
yellow or red solids in high yield. The compounds are air
stable and soluble enough to allow their characterization by
1H- and 13C-NMR, using CDCl3 or DMSO-d6 as solvents, in
addition to their identification by elemental analyses and IR
spectroscopy.4 All these data agree with the formulation of
pure mono- or bis-aldimine derivatives, as proposed in
Scheme 1.

Mass spectrometry has been proved to be a particularly
valid analytical tool for the characterization of either Schiff
bases or crown-ethers.5 In both cases fast atom bombardment
proved to be the best ionization method, leading to the easy
production of molecular species and fragment ions well re-
lated to the structure. Pursuing our interest in this field,6 we
present here the mass spectrometric behaviour of compounds
1–5 as obtained under FAB conditions and by metastable ion
studies.

Experimental

Mass spectrometry

All measurements were performed on a VG ZAB2F mass
spectrometer7 (VG Analytical, Manchester, UK) operating
under FAB conditions8 (8 keV xenon atoms bombarding a
glycerol solution of the samples). Metastable transitions were

detected in the second field free region by MIKE spectrome-
try.9 Accurate mass measurements were performed by the
peak-matching technique at 5000 resolving power (10% val-
ley definition).

Compounds

The formyl derivatives (2,3-dihydroxybenzaldehyde, 3-
methoxysalicylaldehyde, 2,6-diformyl-pyridine, 2,2′-(ethyle-
nedioxy)dibenzaldehyde, the amine
4-amino-benzo-5-crown-5 and the solvents were commercial
products (Aldrich Chimica, Milan, Italy) used without further
purification.

4-methyl-2,6-diformylphenol was prepared according to
the literature.10 Its purity was checked by elemental analysis,
IR and NMR spectroscopies and mass spectrometry.

Compounds 1–5 were prepared by the reaction in methanol
of the appropriate formyl- or diformyl-precursor with 4-
amino-benzo-5-crown-5, respectively, in a 1 : 1 or 1 : 2 (for-
myl : amine) molar ratio. The resulting white, yellow or
yellow-orange or red solution was stirred for 30 min and
refluxed for 20 min. Compound 1 precipitates as a red solid
by partial evaporation of the solvent under reduced pressure.
Compounds 2–4 precipitate from the methanol solution. The
red-brown solution containing 5 was evaporated to dryness
under reduced pressure. The oil obtained was dissolved in

1, 2,

5, 3,

4, 5
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Scheme 1.

Compounds 1 2 3 4 5

Ionic species FAB MIKE FAB MIKE FAB MIKE FAB MIKE FAB MIKE

[M + H] + 404 (38) 418 (100) 695 (11) 666 (34) 801 (100)

[M – C2H4O]+ 360 (5) 360 (53) 374 (7) 374 (47) 651 (3) 651 (31) 622 (3) 622 (80)

[M – C4H8O2]
+ 316 (2) 316 (100) 330 (5) 330 (100) 607 (2) 607 (31) 578 (4) 578 (100)

[MH – C6H12O3]
+ 272 (5) 272 (90) 286 (9) 286 (92) 563 (5) 563 (100) 534 (4) 534 (72)

[MH – C6H12O4]
+ 256 (4) 256 (5) 256 (3) 256 (40)

[MH – C7H14O3]
+ 549 (4) 549 (52) 507 (2) 507 (21)

[MH – C8H16O3]
+ 535 (2)

[MH – C8H16O4]
+ 519 (3)

[MH – CH2O]+ 665 (5) 665 (30)

  1 428 (2) 428 (23)

  2 414 (2) 414 (72) 384 (3) 384 (83)

  3 373 (2) 373 (58)

  4  (a) 414 (56) 414 (100)

[C6H14O3]
+• 134 (20) 134 (3) 134 (15) 134 (1) 134 (100) 134 (4) 134 (5) 134 (41)

[C4H8O2]
+• 88 (100) 88 (5) 88 (70) 88 (3) 88 (2) 88 (7) 88 (35) 88 (2)

[a–C2H4O]+ 370 (7) 370 (14)

[a–C4H8O2]
+ 326 (6) 326 (31)

[a–C6H12O3]
+ 282 (3) 282 (19)

Table 1. FAB mass spectra and mass analysed ion kinetic energy spectra of FAB-generated MH+ species of compounds 1–5.
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CHCl3 and clarified by activated carbon. The solvent was
evaporated under reduced pressure and the residue obtained
was treated with ethanol and diethyl-ether. The compounds
1–5, obtained as yellow or yellow-orange or red solids, were
filtered, washed with methanol or ethanol and diethyl-ether
and dried in vacuo. Their purity was inferred by elemental
analysis, 1H and 13C NMR spectroscopy.4 Moreover the ab-
sence of absorptions due to C=O or H2N groups in the IR
spectra of 1–5 confirm that full condensation reactions have
taken place.

Results and discussion

The FAB mass spectra and the MIKE spectra of [MH]+ ions
obtained for compounds 1–5 are reported in Table 1. All the
examined compounds exhibit particularly abundant pro-
tonated molecules, being responsible for the base peak of the
spectra for 2 and 5.

Compounds 1 and 2 show the common fragmentation
pattern reported in Scheme 2. Fragment ions corresponding to
losses of C2H4O, C4H8O2, C6H12O3 and C6Hl2O4 are present in
both FAB and MIKE spectra, but while in the latter case they
are responsible for the most abundant ions, in the former
spectra they are scarcely abundant. Such behaviour is good
evidence that these fragmentation channels represent those at
lower critical energy. On the contrary the [C4H8O2]+• and
[C6H14O3]+• ions are particularly abundant in the FAB spectra
(100% and 20%, 70% and 15% for 1 and 2, respectively) and
their high abundance could be rationalized by their high
thermodynamic stability. Thus for the ions at m/z 88 the
structure of the odd electron molecular ion of dioxane could
be proposed. To confirm such hypothesis we compared the
identical MIKE spectra of the [C4H8O2]+• species FAB-gener-
ated from compound 1 and 2 with that of the EI-generated M+•

of dioxane. Such results are reported in Figure 1 and, as it can

be easily seen, the spectra are very different. While in the case
of M+• of dioxane the loss of CH2O leading to ions at m/z 58
and the formation of C2H4O and C2H5O ions at m/z 44 and 45
lead to the most abundant peak in the MIKE spectrum [see
Figure l(a)], the [C4H8O2]+• ions observed for 1 and 2 give rise
to fragment ions at m/z 73, 60 and 59, reasonably originating
from methyl radical, ethylene and ethyl radical losses. Thus

f

g

i
h d

c

b

e

Scheme 2.

Scheme 3.

44

28

58

45

87

88

E/V

(a)

E/V

28 59

60

73

83

87

88(b)

Figure 1. MIKE spectra of: (a) M+• of dioxane; (b) ions at m/z
88 FAB—generated from compound 1 (identical to that from
compound 2).
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for the ions at m/z 88 originating from 1 and 2 the structure of
M+• of dioxane cannot be proposed. Some of the possible
structures of these ions which are in agreement with the MIKE
data are summarized in Scheme 3. The radical cation in
distonic form j, originating from the cleavage of the crown
moiety, can rearrange to species necessarily bearing a methyl
group (thus explaining the methyl loss evidenced by MIKE
spectrum) as the k, l, m and n ones reported in Scheme 3. The
first two consist in γ distonic ions, while for m and n the
rearrangement processes has led to an aldehyde and a five-
membered cyclic moiety, respectively. We retain structures l
and m as the more reasonable ones, because they give a better
account for the unimolecular fragmentation pathways de-

tected by MIKE spectrometry. The ions at m/z 134 originate
by the cleavage of the crown moiety with the rearrangement
of two hydrogen atoms. The related MIKE spectrum, reported
in Figure 2, shows losses of CH3

•, C2H4, CH3O• and C2H6O,
leading to the ions at m/z 119, 106, 103 and 88, respectively.
Hence, on the basis of the MIKE data, the structure reported
in Scheme 2 can be reasonably proposed. Worth noting is the
complete absence in the decomposition pattern of 1 and 2 of
any fragment ions related to the aldimine chain, typical of the
mass spectrometric behaviour of such a class of compounds.
This result must be ascribed to the presence of the alternative,
and energetically more favoured, processes related to the
crown moiety and discussed above.

Compound 3 exhibits a fragmentation pattern more com-
plex than that observed for compounds 1 and 2. In fact,
together with C2H4O, C4H8O2, C6Hl2O3 losses (leading to ions
at m/z 651, 607 and 563, respectively) described above for
compounds 1 and 2, new fragmentation channels become
operative. Some of them are still related to the crown moieties
(i.e. those due to CH2O, C7H14O4 and C8Hl6O3 losses, leading
to ions at m/z 665, 549 and 535, respectively) while two
decomposition routes are originated by cleavages of the aldi-
mine chain (cleavages 1 and 2 of Scheme 4, giving rise to the
ionic species at m/z 428 and 414, respectively). Such behav-
iour can suggest that in the case of 3 the protonation has taken
place on the aldimine nitrogen with the formation of a quater-
nary nitrogen cation (structure r  of Scheme 5), directly re-
sponsible for the formation of the ion at m/z 428. Through H

88 103 106

119

E/V

134

Figure 2. MIKE spectra of ionic species at m/z 134 generated
by FAB of compound 1 (identical to that from compound 2).

Scheme 4.
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rearrangement and resonance phenomena, ions r  can give rise
to ions s, which account for the observed cleavage 2.

Compound 4 shows, together with the above described
fragmentation routes related to the crown moiety (and leading
to the ions at m/z 622, 578 and 534), the cleavage of the
aldimine chain (cleavage 2 of Scheme 6, leading to the ions at
m/z 384 and the unusual cleavage 3, in α position to pyridine
giving rise to ions at m/z 373). In order to explain the easy
formal cleavage of the CH=N bonds (cleavage 2) molecular
species in a structure different from that of a neutral molecule

must be hypothesized. As an alternative to the mechanism
proposed for compounds 3 and reported in Scheme 5, in the
present case we suggest the occurrence of the mechanism
reported in Scheme 7, which hypothesizes the protonation on
the pyridine nitrogen, followed by resonance phenomena
leading to ions p. These ions easily account for the cleavage
of the CH–N bond.

Finally, compound 5 shows an abundant protonated mole-
cule at m/z 801 which undergoes only one fragmentation
pathway, consisting of the cleavage 4 of Scheme 8. The ion so

Scheme 5.

Scheme 6.
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formed, at m/z 414, is responsible for all the other ions present
in the spectrum, through the fragmentation processes related
to the crown moiety already described for the other com-
pounds under study.

In conclusion the mass spectrometric behaviour of the title
compounds is mainly governed by decomposition processes
related to the crown moiety present in the molecules. The
cleavages of the aldimine chain, evidenced for compounds 3
and 4 only, have been justified by the occurrence of protona-
tion on aldimine or pyridine nitrogens, followed by resonance
phenomena. 
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A new general fragmentation reaction in mass spectrometry:
The hydrogen–carbon, carbon–carbon double rearrangement of

2-heteroalkyl substituted diphenylmethyl cations

Maria Concetta Natoli
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Diphenylmethyl cations formed by benzylic cleavage of the molecular ions of ortho heteroalkyl substituted 1,1-diphenylalkanes
undergo the double rearrangement process (H to C followed by C to C ) previously reported for ortho-methoxy derivatives.
Hence the formation of substituted benzyl (or tropylium) ions allowing this double rearrangement process constitutes an
interesting type of fragmentation reaction characteristic for 1,1-diphenylalkanes bearing ortho substituents (OMe, OEt, OiPr,
SMe, NHMe, NMe2) which are able to transfer a hydride to the charged benzyl carbon of diphenylmethyl cations formed by
benzylic cleavage of the molecular ion.

Introduction

We reported1 that the 70 eV mass spectrum of 1,1-bis(2,4-
dimethoxyphenyl)-2-methylpropane 1 (Figure 1) bearing or-
tho methoxy groups shows an intense peak at m/z 151
cor responding to the dimethoxybenzyl or d i-
methoxytropylium ion b (Scheme 1), arising from [M – iPr•]+

ion a. The absence of the ion b in the spectrum of the isomer
1,1-bis(3,4-dimethoxyphenyl)-2-methylpropane 2 (Figure 2),
together with the constant presence of intense peaks corre-
sponding to methoxybenzyl or methoxytropylium ions in a
large series of polymethoxy substituted 1,1-diphenylalkanes
bearing ortho methoxy groups, led to the conclusion that such
an ion is formed by ortho interaction between the methoxy
group and the benzylic carbon.1 The formation of ion b from
ion a occurs through a double rearrangement (hydrogen–carb-
on followed by carbon–carbon: HC,CC-dr) process.1

This has been unequivocally demonstrated by the use of 2H
and 13C labelled compounds and principally by the observa-

tion that the m/z 151 ion observed in the mass spectrum of the
compound 3 (Figure 3) is completely shifted to m/z 152 in the
spectrum of the 13C isotopomer 4 (Figure 4) . An isotopic effect
KH/KD ≈ 1.4 in the 70 eV spectra1,2 indicates that the hydrogen
migration is the rate determining process.

aThis work constitutes Part 4 of the series “Hydrogen–carbon,

carbon–carbon double rearrangement induced by proximity effects”

and Part 18 of the series “Studies in organic mass spectrometry”,

Parts 3 and 17 see Reference 2 and L. Ceraulo, P. De Maria, M.

Ferrugia, S. Foti, R. Saletti and D. Spinelli, J. Mass Spectrom. 30,
257 (1995). Scheme 1.
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Further experiments with 2H and 13C labelled compounds
showed that about 50% of the benzyl or tropylium ions present
in the 70 eV spectrum of 2-methoxydiphenylmethane itself
are formed through this double rearrangement reaction.2,3 All
these findings give evidence that the HC,CC-dr process con-
stitutes a generally occurring process for ortho-methoxy-sub-
stituted 1,1-diphenylalkanes, which had not been previously
reported.4,5

Hence, it seemed interesting to verify whether such a
process could also occur with 2-substituents other than with
the methoxy group. For this reason, we examined a series of
1,1-diphenylalkanes bearing ortho OEt, OiPr, SMe, NHMe
and NMe2 groups.

Results and discussion

Ethoxy derivatives

The mass spectrum of 2-ethoxydiphenylmethane 5 (Figure
5) is similar to that of 2-methoxydiphenylmethane.4,6 Accord-
ing to the easier loss of ethyl with respect to the methyl radical,
in this case the base peak is at m/z 183 [M – Et•]+, and peaks
at m/z 165 (fluorenyl cation) and m/z 91 (C7H7

+) are still
observed. The peak at m/z 105 is a consequence of the HC,CC-
dr process (Scheme 2). Its intensity (I% = 3.3) is low, as is that
of the precursor ion a [M – H]+ (I% = 0.4).

The peak at m/z 105 is completely shifted to m/z 109 for
the pentadeutero derivative 6 (Figure 6). Its relative abundance
of 1.8% indicates an isotope effect (KH/KD ≈ 1.5) close to the

values previous ly found for  both 1,1-bis(2,4-di-
methoxyphenyl)-2-methylpropane1 and 2-methoxydiphenyl-
methane.2

In order to increase the amount of the precursor ion a, by
avoiding or decreasing other competitive fragmentation proc-
esses of the molecular ion, we examined the mass spectrum
of  the compound [1- (2-ethoxyphenyl) -1-(3,4-di-
methoxyphenyl)-2-methylpropane] 7 (Figure 7). In fact the
loss of the isopropyl group from the molecular ion (leading to
the m/z 271 ion a) followed by the HC,CC-dr process consti-
tutes the main fragmentation route for 7. The resulting ion b
(m/z 165) is responsible for the base peak and for 50% of the

Figure 4. 70 eV electron impact mass spectrum of compound
4.

Figure 3. 70 eV electron impact mass spectrum of compound
3.

Figure 2. 70 eV electron impact mass spectrum of compound
2.

Figure 1. 70 eV electron impact mass spectrum of compound
1.

Figure 5. 70 eV electron impact mass spectrum of compound
5.
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total ion current. The predominance of this process also agrees
with the favoured hydrogen migration, as in this case the
cation a′ (Scheme 1) is stabilized by the inductive effect of the
methyl group.

Isopropoxy derivatives

The m/z 119 ion b, expected for the HC,CC-dr process, is
completely absent in the spectrum of the 2-isopropoxy-
diphenylmethane 8 (Figure 8). This is due to the occurrence
of two major competitive reactions of the molecular ion,
involving elimination of propene (m/z 184) and loss of isopro-
pyl radical which affords the m/z 183 ion, in analogy to the
corresponding 2-methoxy- or 2-ethoxy-diphenylmethane.
Similar to the ortho-ethoxy derivative 7, the easy formation of
abundant precursor ion a (m/z 343) in the mass spectrum of
compound 9 makes the peak at m/z 179 (ion b by the HC,CC-

dr process) one of the most abundant of the spectrum (Figure
9), even if a remarkable loss of propene is also occurring (m/z
344).

Methylthio derivative

The spectrum of the dimethylthio derivative 10 (Figure 10),
in analogy to the corresponding 2,4,3′,4′-dimethoxyderivative
3,1 is dominated by three peaks corresponding to the molecular
ion, to the ion a (loss of isopropyl radical from M +′) and to the
dimethoxybenzyl or dimethoxytropylium ion b at m/z 151,
this latter arising again from the HC,CC-dr process.

Methylamino derivatives

The methylamino and dimethylamino derivatives 11 and
12 (Figures 11 and 12) give abundant ions a (m/z 316 and m/z
330, respectively) formed by loss of the isopropyl group.

Scheme 2.

Figure 6. 70 eV electron impact mass spectrum of compound
6.

Figure 7. 70 eV electron impact mass spectrum of compound
7.
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Subsequent fragmentation affords abundant ions b (m/z 151)
arising from the HC,CC-dr process.

The higher relative abundance of the m/z 151 ion b for 12
with respect to 11 can be justified by the presence of two
methyl groups linked to the nitrogen atom. Both statistical
factors and stabilizing electronic effects of the second methyl
group should enhance the HC,CC-dr reaction.

We investigated also 2-(N-methylamino)- and 2-(N,N-di-
methylamino)-diphenylmethane 13 and 15. Their mass spec-
t ra (Table 1) are closely re lated to those of both
2-methoxydiphenylmethane4,6 and 2-ethoxydiphenylmethane
5. In particular the spectrum of the dimethyl derivative 15 was
previously reported,7 but the presence of the C7H7

+ ion (m/z

91) was attributed exclusively to a simple benzylic cleavage
reaction.

A comparison of the spectra of compounds 13 and 15 with
those of the corresponding 13C-labelled isotopomers 14 and
16 (Table 1) shows a partial shift (15% and 30%, respectively)
of the peak at m/z 91 to m/z 92. This proves that the HC,CC-dr
process also occurs for these simple compounds.

Conclusions

Our results show that the double rearrangement process
(HC,CC-dr) occurs not only for variously substituted ortho-
methoxy-1,1-diphenylalkanes, but it constitutes a generally
occurring reaction for 1,1-diphenylalkanes bearing ortho-sub-
stituents -XR, which can transfer a hydride to the neighbour-
ing benzylic carbenium ion through a six-centered transition
state (Scheme 3).

It is worth noting that the HC,CC-dr process constitutes the
main fragmentation route of the diphenylmethyl cation a. In
fact, in the absence of competitive reactions of the molecular
ion, which lower the relative abundance of ion a, the mass
spectra of 2-XR substituted 1,1-diphenylalkanes (X = O, NH,
NMe, S; R = Me, Et, iPr) are essentially constituted by three
peaks corresponding to the molecular ion M+•, to the
diphenymethyl cation a and to the rearrangement product ion
b.

Figure 10. 70 eV electron impact mass spectrum of com-
pound 10.

Figure 11. 70 eV electron impact mass spectrum of com-
pound 11.

Figure 8. 70 eV electron impact mass spectrum of compound
8.

Figure 9. 70 eV electron impact mass spectrum of compound
9.

Figure 12. 70 eV electron impact mass spectrum of com-
pound 12.
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Experimental

Low resolution mass spectra were recorded on a VG-ZAB
2SE double focusing mass spectrometer operating under the

following conditions: ionization energy 70 eV; source tem-
perature 200°C; sample temperature 30°C; accelerating volt-
age of 8 kV; trap current 100 µA; resolution 1500. Samples
were introduced using the direct insertion probe.

The 1H NMR spectra were recorded on a Bruker AC-250
F (250 MHz) spectrometer, using TMS as internal standard.

The IR spectra were performed using a Perkin-Elmer 257
spectrophotometer .

Melting points (uncorrected) were determined by a Büchi
510 apparatus.

Silica gel 60 (Merck, 0.05–0.2 mm) and silica gel plates
(Merck F 254, 2 mm) were used for column chromatography
and preparative TLC, respectively.

2-Ethoxydiphenylmethane (5)  and 2-[ethoxy-2H5]
diphenylmethane (6) were prepared from 2-hydroxy-
diphenylmethane (Aldrich) by reacting in alkaline solution
with ethyliodide (Janssen) and [ethyl-2H5]iodide (Fluka), re-
spectively. The degree of 2H incorporation for 6 was 99% by
mass spectrometry.

1-(2-Ethoxyphenyl)-1-(3,4-dimethoxyphenyl)-2-
methylpropane (7). By a Grignard reaction 2-ethoxybenzal-
dehyde (3.0 g) and isopropylmagnesium bromide (obtained
from 3.5 g of magnesium and 14 g of isopropylbromide) in
anhydrous Et2O afforded 1-(2-ethoxyphenyl)-2-methyl-
propan-1-ol (2.3 g) as a yellow oil (yield 60%). A solution of
this propanol (5 mmol) in AcOH (10 ml) was added drop-by-
drop to a stirred solution of 1,2-dimethoxybenzene (25

Ions
M+

m/z (%)
a

m/z (%)
b

m/z (%)
b′

m/z (%)
c

m/z (%)
d

m/z (%)
e

m/z (%)
f

m/z (%)

Compound

13 197 (100) 196 (23) 91 (19) 120 (11) 182 (81) 167 (12) 166 (6)* 165 (31)

14 198 (100) 197 (24) 91 (18) 
92 (2.5)*

121 (12) 182 (82) 167 (13) 166 (8)* 165 (32)

15 211 (100) 210 (11) 91 (27) 134 (2) 196 (82) 167 (2) 166 (4)* 165 (17)

16 213 (100) 212 (12) 91 (16)
92 (9)*

136 (2) 197 (82) 167 (2) 166 (5)* 165 (15)

*Corrected for naturally occurring 13C isotopic contribution.

Table 1. Significant peaks in the 70 eV mass spectra of compounds 13–16.

Scheme 3.
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mmol), AcOH (20 ml) and 70% H2SO4 (20 ml), while the
temperature was maintained below 20°C. After standing at
room temperature overnight, the mixture was poured on to
crushed ice and the oil obtained was extracted with Et2O. The
ether solution was neutralized and brought to dryness. The
residue was steam-distilled in order to remove any unreacted
1,2-dimethoxybenzene. The distillation residue was extracted
with Et2O, dried and evaporated. Crystallization of the crude
product from ethanol affords compound 7 as white crystals
(yield 96%), mp 62°C. 1H NMR (CDCI3), δ: 0.87 (3H, d, J =
6.4 Hz, CHCH3), 0.88 (3H, d, J = 6.4 Hz, CHCH3), 1.41 (3H,
t, J = 6.9 Hz, OCH2CH3), 2.46 [1H, m, CH (CH3)2], 3.77 (3H,
s, OCH3), 3.83 (3H, s, OCH3), 3.85–4.00 [3H, overlapped,
CH-CH(CH3)2 and OCH2CH3], 6.70–6.85 (4H, m, 3-H, 5-H,
2′-H and 5′-H), 6.90 (1H, d, Jortho = 7.7 Hz, 6′-H), 7.07 (1H,
td, Jortho = 7.0 Hz, Jmeta = 1.0 Hz, 4-H), 7.34 (1H, dd, Jortho =
7.8, Jmeta = 1.0 Hz, 6-H).

2-Isopropoxydiphenylmethane (8) was prepared accord-
ing to the literature.8

1-(2,4-Diisopropoxyphenyl)-1-(3,4-dimethoxyphenyl)-2-
methylpropane (9) was synthesized as 7 using 1,3-diiso-
propyloxybenzene9 and 1-(3,4-dimethoxyphenyl)-2-methyl-
1-propanol.10 The mixture obtained was chromatographed on
silica gel. Elution with cyclohexane-AcOEt (9 : 1) gave 9 as
a yellow oil (yield 50%). lH NMR (CDCl3), δ: 0.85 (3H, d, J
= 6.7 Hz, CHCHCH3), 0.88 (3H, d, J = 6.7 Hz, CHCHCH3),
1.24 (3H, d, J = 6.0 Hz, OCHCH3), 1.29 (3H, d, J = 6.0 Hz,
OCHCH3), 1.30 (3H, d, J = 6.0 Hz, OCHCH3), 1.34 (3H, d, J
= 6.1 Hz, OCHCH3), 2.41 [1H, m, CHCH(CH3)2], 3.79 [1H,
d, J = 10.7 Hz, CHCH(CH3)2], 3.80 (3H, s, OCH3), 3.84 (3H,
s, OCH3), 4.46 [1H, hept, J = 6.0 Hz, OCH(CH3)2], 4.48 [1H,
hept, J = 6.0 Hz, OCH(CH3)2], 6.36 (1H, d, Jmeta = 2.4 Hz,
3-H), 6.42 (1H, dd, Jortho = 8.4 Hz, Jmeta = 2.4 Hz, 5-H), 6.72
(1H, d, Jortho = 8.5 Hz, 5′-H), 6.81(1H, d, Jortho = 8.5 Hz, 6′-H),
6.82 (1H, s, 2′-H), 7.19 (1H, d, Jortho = 8.4 Hz, 6-H).

1-(2,4-dithiomethylphenyl)-1-(3,4-dimethoxyphenyl)-2-
methylpropane (10) was synthesized as 9 using 1,3-
dithiomethylbenzene11 instead of 1,3-diisoproxybenzene. The
obtained residue was chromatographed on silica gel. Elution
with cyclohexane-Et2O (9 : 1) gave 10 as a yellow oil (yield
80%).1H NMR (CDCl3), δ: 0.87 (3H, d, J = 6.5 Hz, CHCH3),
0.88 (3H, d, J = 6.5 Hz, CHCH3), 2.40 (1H, m, CH [CH3]2),
2.42 (3H, s, SCH3), 2.44 (3H, s, SCH3), 3.80 (3H, s, OCH3),
3.84 (3H, s, OCH3), 3.92 (1H, d, J = 10.9 Hz, CHCH(CH3)2),
6.75 (1H, d, Jortho = 8.1 Hz, 5′-H), 6.84 (1H, d, Jmeta = 1.9 Hz,
2′-H), 6.87 (1H, dd, Jortho = 8.1 Hz, Jmeta = 1.9 Hz, 6′-H), 7.04
(1H, dd, Jortho = 7.1 Hz, Jmeta = 1.8 Hz, 5-H), 7.06 (1H, d, Jmeta

= 1.8 Hz, 3-H), 7.33 (1H, d, Jortho = 7.1 Hz, 6-H).
1-(2-N-Methyl-4,5-dimethoxyphenyl)-1-(3,4-di-

methoxyphenyl)-2-methylpropane (11) and 1-(2-N,N-di-
methyl-4,5-dimethoxyphenyl)-1-(3,4-dimethoxy
phenyl)-2-methylpropane (12) A solution of 1,1-bis(2,4-di-
methoxyphenyl)-2-methylpropane11 (5 mmol) in Ac2O (100
ml) was placed in a two-necked, round-bottomed flask fitted
with a mechanical stirrer and a reflux condenser protected by
a CaCl2 tube. Cu(N03)2.3H2O was added to the stirred solution.

The mixture was heated at 40°–60°C for 1/2 h. After cooling
at room temperature, the mixture was poured in water, neu-
tralized and dried. After solvent evaporation, the residue was
chromatographed by the flash method. Elution with petroleum
ether (p.e. 40°–60°C)-Et2O (6 : 4) gave, in order, the following
fractions: starting material (0.5 mmol), 1-(4,5-dimethoxy-2-ni-
trophenyl)-1-(3,4-dimethoxyphenyl)-2-methylpropane (y ield
80%; pale yellow crystals from ethanol, mp 110°C) and
1,1-bis(4,5-dimethoxy-2-nitrophenyl)-2-methylpropanel2

(yield 10%).
To a solution of 1-(4,5-dimethoxy-2-nitrophenyl)-1-(3,4-

dimethoxyphenyl)-2-methylpropane (1 g) in acetic acid (25
ml) was added 10% Pd-C (0.5 g). The mixture was hydrogen-
ated in Parr apparatus for 96 h. Elimination of the catalyst and
evaporation of the solvent at reduced pressure produced a
mixture. The mixture was chromatographed on silica gel
plates. Elution with cyclohexane-AcOEt (1 : 1) gave 1-(2-
amino-4,5-dimethoxy phenyl)-1-(3,4-dimethoxyphenyl)-2-
methylpropane as a brown oil (yield 43%).

Methyliodide (30 mmol) and K2CO3 (30 mmol) were
added to a solution of 1-(2-amino-4,5-dimethoxyphenyl)-1-
(3,4-dimethoxy phenyl)-2-methylpropane (6 mmol) in ace-
tone (50 ml). The mixture was refluxed for 5 h. After cooling,
the solid material was removed by filtration and the solution
was diluted with water and then extracted with Et2O. The
ethereal extracts were treated with 10% aqueous sodium hy-
droxide solution, then neutralized, dried and evaporated. The
residue obtained was chromatographed on silica gel employ-
ing cyclohexane-Et2O (8 : 2) mixture as the eluant. The elu-
tion order of the separated compounds was: 12, 11.

Compound 11 was isolated as a brown oil (yield 30%). IR
(CHCl3): νmax 3400 cm–1(NH). 1H NMR (CDCl3), δ: 0.79 (3H,
d, J = 6.3 Hz, CHCH3), 0.95 (3H, d, J = 6.2 Hz, CHCH3), 2.35
[1H, m, CH(CH3)2], 2.70 (3H, s, NCH3), 3.30 [1H, d, J = 10.1
Hz, CHCH(CH3)2], 3.77 (6H, s, OCH3), 3.80 (1H, broad,
exchangeable with D2O, NH) 3.82 (3H, s, OCH3), 3.83 (3H,
s, OCH3), 6.26 (1H, s, 3-H), 6.67 (1H, s, 2′-H), 6.72 (2H, s,
5′-H and 6′-H), 6.98 (1H, s, 6-H).

Compound 12 was separated as a yellow oil (yield 70%).
1H NMR (CDCl3), δ : 0.75 (3H, d, J = 6.4 Hz, CHCH3), 0.82
[3H, d, J = 6.4 Hz, CHCH3), 2.27 [1H, m, CH(CH3)2], 2.50
(6H, s, N(CH3)2], 3.72 (3H, s, OCH3), 3.74 (3H, s, OCH3), 3.77
(3H, s, OCH3), 3.78 (3H, s, OCH3), 4.22 (1H, d, J = 11.2 Hz,
CHCH[CH3]2), 6.66 (1H, s, 3-H), 6.68 (1H, d, Jortho = 8.2 Hz,
5′-H), 6.82 (2H, s, Jortho = 8.2 Hz, 6′-H), 6.83 (2H, s, 6-H and
2′-H).

N-Methyl-2-benzylaniline (13), N-[13C]methyl-2 benzy-
laniline (14), N,N-dimethyl-2-benzylaniline (15) and N,N-
di[13C]methyl-2-benzylaniline (16) were prepared from
2-benzylaniline (Aldrich) (6 mmol) by reacting in alkaline
solution with methyliodide (Fluka) (18 mmol) and with
[methyl-l3C]iodide (Aldrich) (18 mmol), respectively. The
mixtures obtained were chromatographed on silica gel plates,
employing cyclohexane Et2O (8 : 2) mixture as the eluant. The
elution order of the separated compounds was: 15 (or 16) and
13 (or 14), respectively. The yields are: 40% for 13 and 14;
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60% for 15 and 16. The degree of 13C incorporation for 14 and
16 was 99% by mass spectrometry.

Acknowledgements

The authors thank Professor S. Foti (Dipartimento di
Scienze Chimiche, Università di Catania) for the use of a
VG-ZAB 2SE mass spectrometer, Mr M. Cascino (Diparti-
mento di Chimica Organica, Università di Palermo) for tech-
nical assistance, the MURST and the CNR for financial
support.

References

1.  L. Ceraulo, M.C. Natoli, P. Agozzino, M. Ferrugia
and L. Lamartina, Org. Mass Spectrom. 26, 857
(1991).

2.  L. Ceraulo, M.C. Natoli, P. Agozzino, M. Ferrugia
and L. Lamartina, Org. Mass Spectrom. 27, 1127
(1992).

3.  P. Agozzino, L. Ceraulo, M. Ferrugia, L. Lamartina
and M.C. Natoli. Chim. & Ind. (Milan), Suppl. 73,
(11), ms 28 (1991).

4.  J.T. Bursey, M.M. Bursey and D.G. Kingston, Chem.
Rev. 73, 191 (1973) and references.

5.  D. Kück. Mass Spectrom. Rev. 9, 187 (1990) and
references.

6.  J.G. Liehr, A. Greth, J.H. Beynon and W.J. Richter,
Org. Mass Spectrom. 16, 139 (1981).

7.  A.G. Giumanini and L. Plessi, Chim. & Ind. (Milan)
56, 268 (1974).

8.  B. Miller, M.P. McLaughlin and V.C. Marhevka, J.
Org. Chem. 47, 710 (1982).

9.  H.H. Hodgson and H. Clay, J. Chem. Soc. 869 (1932).
10. P.C. Roberti, R.F. York and W.S. McGregor, J. Am.

Chem. Soc. 72, 5760 (1950).
11. E.V. Bell and G. McDonald Bennet, J. Chem. Soc.

3189 (1928).
12. M.C. Natoli, L. Ceraulo and L. Lamartina, Gazz.

Chim. Ital. 113, 145 (1989).

Received: 7 December 1994
Accepted: 28 January 1995

L. Ceraulo et al., Eur. Mass Spectrom. 1, 73–79 (1995) 79





V. Bokelmann, B. Spengler and R. Kaufmann, Eur. Mass Spectrom. 1, 81–93 (1995)
Dynamical Parameters of Ion Ejection and Ion Formation in MALDI

Dynamical parameters of ion ejection and ion formation in matrix-assisted
laser desorption/ionization

Volker Bökelmann, Bernhard Spengler* and Raimund Kaufmann

Institute of Laser Medicine, University of Düsseldorf, PO Box 101007, 40001 Düsseldorf, Germany.

Molecular ejection and ionization processes in matrix-assisted laser desorption/ionization (MALDI) mass spectrometry  are
described. Angular resolved initial velocity distributions of matrix and analyte ions, obtained both from MALDI samples
prepared normally and from peptide-doped single crystals of dihydroxybenzoic acid, are presented as ion density plots. The
ejection distributions have been found to be bimodal, consisting of a slow, less forward peaked fraction and a fast fraction,
which is directed more towards the surface normal. The ion plots show a significant quenching of matrix ions in areas of high
peptide ion density. This effect is interpreted as the result of ion–molecule reactions in the gas phase leading to proton transfer
from matrix ions to analyte molecules and is described by a simple kinetic overlap model. Additional effects of solid phase
absorption, electronic excitation life times and fluorescence yield are discussed.

Introduction

Matrix-assisted laser desorption/ionization (MALDI)
has soon after its invention has become one of the most
versatile and widespread ionization methods in modern
bioorganic mass spectrometry.1,2 Among its advantages are
the almost unlimited mass range, the high sensitivity in the
femtomolar range and the ability to analyze even poorly
purified biological solutions or solids. Its recent extensions
to structure analysis of biopolymers (“postsource decay
MALDI”) 3,4 using reflectron time-of-flight mass spec-
trometers is about to replace well-established methods such
as collision-activated dissociation on four-sector tandem
mass spectrometers.

The fundamental mechanisms of MALDI, however, are
not understood sufficiently to perform, for example, instru-
mental optimization procedures other than by trial and
error. Besides that, the MALDI ejection process of intact
organic material by itself is of great scientific interest. It
includes ion–molecule interactions in pulsed supersonic jet
expansions, and is thus influenced by many factors such as
gas phase acidities, excited states acidities and proton af-
finities of the interacting molecules and ions. The internal
and external energetic parameters of colliding particles can
be assumed to determine the resulting pathways of ioniza-
tion and fragmentation.

Several recent investigations of velocity and angular
distributions of MALDI ions have led to the idea that, after
matrix excitation and sample desorption, analyte ions are

entrained in a supersonic jet of matrix ions and molecules,5–10

propagating with the speed of the carrier gas (the matrix
molecules/ions) regardless of analyte mass. The “fine struc-
ture” of these pulsed jets as well as its dependence on
sample structure and preparational parameters, however,
have not been investigated yet. The purpose of this paper is
to describe the ejection process in more detail and, by that,
give some hints at the mechanisms of analyte ionization and
fragmentation.

Several preparation techniques have been developed
empirically for MALDI mass analysis so far. Almost all
of them are based on mixing analyte and matrix solutions
followed by an on-target drying procedure of a few µ l,
performed under various conditions. These “dried-drop-
let” methods have the advantage of easiness and usually
sufficient ion yield. They are, however, far from being
standardized, and success of analysis thus strongly de-
pends on many parameters influencing sample crystal-
lization. For investigation of the ejection and ionization
process it is thus necessary to use a well-defined sample
structure which, in its behavior, can then be translated to
normally prepared samples. We therefore prepared single
crystals of matrix material doped with a standard analyte.
The use of single crystals in MALDI mass analysis has
been described before.11–13 Investigations of ion ejection
described in this paper were performed on these single
crystals and, for comparison, on samples prepared using
the dried-droplet method.
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Experimental

Instrumentation

Measurements were performed on a home-built instrument
described in detail elsewhere.10 The apparatus has been de-
signed for the investigation of initial kinetic parameters of
laser desorbed ions and has the ability to measure ion abun-
dances as depending on mass, velocity and angle.

In the center of a cylindrical vacuum chamber (Figure 1) a
tiltable sample stage is positioned. A time-of-flight detector is
revolvable around the central axis. All conductive surfaces
inside the chamber are electrically grounded in order to avoid

any electric fields influencing the motion of ejected ions. The
sample stage is mounted on a motor driven x–y manipulator
which can be tilted by a stepper motor from perpendicular to
parallel with respect to the irradiating laser beam. The nitrogen
laser (LSI, Cambridge, MA, model VSL 337 ND, λ = 337 nm,
τ = 3 ns, not polarized) is guided on a fixed beam path and
focused by a quartz lens (100 mm focal length) to a minimum
diameter of ~80 µm. The beam can be defocused by means of
a beam expander outside the vacuum.

The detector is a pulsed Wiley–McLaren-type time-of-
flight system14 (Figure 2), movable around the central axis
under stepper motor control. The detection angle covers a
section of 20° to 180° with respect to the laser beam axis.

The first grid of the detector system is permanently electri-
cally grounded. At an adjustable time delay after the laser shot
the second grid is pulsed from ground to negative potential
(usually –250 V). The resistor layer of the tube forms a
homogeneous field between the first and second grid. Ions
located inside the tube at the pulsing event are accelerated to
a kinetic energy correlated with their initial position in the
tube. After final acceleration by the second stage ions of equal
mass are time-focused on to the detector. The potential of the
second stage has to be adjusted sensitively to fulfill the time
focusing condition. For effective ion-to-electron conversion
post acceleration to 3.1 kV is applied at the front of a pair of
microchannel plates (active diameter 18 mm). The signal is
recorded by a PC-based 40 MHz, 8 bit transient recorder
(IMTEC GmbH, Backnang, Germany, model T 12840) and
processed by the data system (Chips At Work GmbH, Bonn,
Germany, “ULISSES 7.3”). Data transformation and plotting
is performed by home-made software.

Mass resolving power M/∆M attainable with this arrange-
ment is about 150 for those ions located inside the extraction
tube at the pulsing event. Each peak represents a certain range
of initial velocities. By varying the time delay between the
laser pulse and the extraction pulse we are able to calculate for
every ion mass the entire initial velocity distribution with an

Figure 1. Scheme of the experimental set-up. α is the angle
between laser beam axis and the surface normal (0° ≤ α ≤
90°), β is the angle between laser beam axis and TOF axis (20°
≤ β ≤ 180°), γ is the resulting angle between sample surface
normal and TOF axis (γ = β – α). The diameter of the vacuum
system is 550 mm. The field-free distance between sample
and TOF entrance is 25 mm.

Figure 2. Schematic diagram of the movable time-of-flight system. See text for further explanations.
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uncertainty depending on the probed velocity range and the
length of the extraction tube. Numerical simulations indicated
that an axial region of c. 10 mm is time-focused onto the
detector, resulting in a velocity uncertainty of ∆v/v = 0.27.

The angle of ion acceptance of the TOF system is 16°. To
measure a complete angular distribution the detection angle is
varied in steps of 8°. The delay between laser pulse and
extraction pulse is increased in steps of 2.5 µs from 12.5 µs to
55 µs corresponding to a velocity range of 2960 m s–1 to 672
m s–1. For each combination of angle and delay ten spectra are
recorded.

Thus, a set of approximately 1000 spectra is recorded for
the description of one complete angular resolved velocity
distribution. The averaged signal areas of the masses of inter-
est are processed from the stored data and listed in a matrix
sheet. These data columns are not very easy to survey. For an
instructive representation, we therefore prefer the illustration
of an ion-density plot. The procedure for preparation of these
ion-density plots is described below.

Each averaged mass spectrum acquired in our system con-
tains ion abundances representative of a certain angular and
velocity range. This two-dimensional range can be displayed
as an element in an x–y diagram, where x and y are the
cartesian coordinates relative to the sample surface (Figure 3).
In order to transform velocity ranges into distance ranges an
arbitrary “snapshot” time of 1 µs after the laser pulse has been
chosen. For each of these elements a dot density is calculated
from the intensities measured by the TOF system. In order to
give a realistic image these dots are distributed randomly
within each of the elements. As a result this transformation
procedure leads to an x–y diagram which shows the ion cloud
in the plane perpendicular to the sample surface, 1 µs after the
laser shot. Each dot in this diagram represents a certain num-
ber of ions.

Sample preparation

As an easy-to-use model system we chose the well-in-
vestigated peptide substance P (MW = 1347; Serva, Heidel-
berg, Germany) embedded in 2,5-dihydroxybenzoic acid
(DHB, MW = 154; Neu-Ulm, Germany) as a matrix. For the
dried-droplet preparation we mixed 10 µl of 10–2 mol l–1

DHB/water and 10 µl of substance P dissolved in water.
Peptide concentrations in the range of 1.3 × 10–4 to 1 × 10–6

mol l–1 have been prepared resulting in molar ratios DHB :
substance P in the range of 80 : 1 to 10,000 : 1. Fast air drying
with a hair-dryer of this droplet on an aluminum substrate gave
samples with a diameter of c. 5 mm, consisting of a nearly
homogeneous area inside a small rim of microcrystalline
material. This inner region of the sample yielded better spectra
of substance P ions than the rim. Approximately 15–20 laser
shots could be positioned onto one spot at constant signal
intensity.

Single crystals of neat DHB were prepared as described in
Reference 12. Peptide-doped single crystals of DHB were
prepared using the following procedure. A suspension of 50
mg DHB and 5 mg substance P in 1 ml water was carefully
heated and the container was stirred in a water reservoir of 1 l
until the DHB was dissolved at c. 55° C. The liquor was stored
over night inside the reservoir in a thermally isolated box to
achieve a low cooling rate. After cooling down to room
temperature single crystals of doped DHB with dimensions
up to ~ 3 × 2 × 1 mm3 had grown from the surface of the liquor
and on the ground of the container. Crystals were washed with
cold distilled water and mounted on the sample stage.

For dried droplet preparations a new spot on the nearly
homogeneous inner region of the sample was used for any new
combination of angle and delay to avoid complete ablation of
material. For single crystals, however, all laser shots of one
complete distribution were set to a single spot.

The applied irradiance was fine-tuned by monitoring the
time-of-flight distribution of ejected ions prior to an angle
delay scan. The TOF distribution of the total ion current is very
sensitive to the irradiance10 and a good indicator for a certain
laser power. For all measurements, a laser irradiance just
slightly above the threshold of ion detection was chosen. The
constance of laser irradiance was checked by scanning the
angle in an alternating way during measurements. It was found
that absolute ion intensities gave sufficiently reliable results.
Thus no reference ion signal was needed.

Results

Dried-droplet samples

Mass spectra of samples prepared by the dried-droplet
technique are characterized by mass peaks of sodium (m = 23
u), potassium (m = 39 u), the dehydrated DHB monomer ion
(m = 137 u), the protonated DHB ion (m = 155 u), alkali-
attached DHB ion peaks (m = 177 u, 193 u), the dimer ion
peak of dehydrated DHB (m = 273 u), a DHB aluminum
complex (m = 333 u) (especially for hot-air dried samples),

Figure 3. Transformation of measured ion abundances into
ion-density plots. Ion abundances representative for a cer-
tain angular and velocity range are transformed into dot
densities in a corresponding element in the x–y plane above
the surface, choosing a snapshot time of 1 µs after the laser
pulse.
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protonated substance P (m = 1348 u) and sodium-attached
substance P (m = 1370 u). A typical spectrum is shown in
Figure 4. It was acquired by summation of 95 single shot
spectra. For this demonstration spectrum the delay time was
varied during summation in the range of 15 µs and 50 µs in
order to time-focus ions of the complete velocity range. The
strong signal at the left edge of the spectrum is due to a
perturbation by the extraction pulse. The molar ratio of DHB
to substance P was 400 : 1, the incident angle of the laser beam
was –20° and the detection angle 0° with respect to the surface
normal. Mass resolution is slightly lower in this summed
spectrum compared to single shot spectra due to non-adapted
time focusing during summation at various time delays. Espe-
cially the peaks of protonated and sodium attached substance
P are not resolved here which is possible for single shot spectra
as used for distribution analyses. The small broad signal in
front of the substance P peak has been found to originate from
small secondary ions produced at the fourth grid just in front
of the MCP detector.

No fragment ions of substance P are observed under these
conditions. This is in good agreement with observations of
decay behavior of MALDI ions under varied acceleration
conditions15 (rate of post-source decay of analyte ions de-
creases with decreasing initial acceleration field strength).

Figure 5 shows an ion density plot obtained from a dried-
droplet sample of neat DHB matrix. For this “snapshot” the
ion signal of dehydrated DHB at m = 137 u was processed.
The incident angle of the laser beam was –20°, the detection
angle ranged from 0° (geometrical termination by the focusing
lens) to 60°. For a better optical image, the measured distribu-
tion of the accessible angular sector (0°–60°) is mirrored to
negative angles at the crystal surface normal. Note that sharp
edges between areas are due to the stepwise calculation of
densities for each angle/delay element, not due to real inten-

sity jumps. The intensity cut-off at the low velocity end,
however, is the result of a real intensity drop.

Figure 6 shows ion density plots obtained from a dried-
droplet sample of substance P in DHB matrix. The molar ratio
of DHB to substance P was 125 : 1. Ion signals of alkali ions
(top), dehydrated DHB (middle) and substance P (bottom)
were evaluated from the obtained mass spectra.

For both samples a multimodal ejection behavior has been
observed in the density plots of DHB [Figures 5 and 6 (mid-
dle)]. The two main modes are a slow, spatially broad fraction
with an average velocity below 1 mm µs–1 (= 1000 m s–1) and
a fast, forward directed distribution perpendicular to the sam-
ple surface with an average velocity of about 2 mm µs–1.
While alkali ions appear to be homogeneously distributed over

Figure 4. Summed spectrum (95 shots) of a dried-droplet sample of DHB/substance P, molar ratio 400 : 1. Single shot spectra
were recorded under variation of the delay between laser shot and extraction pulse in order to cover the complete velocity
range of different ions.

Figure 5. Ion-density plot, representing the spatial ion distri-
bution 1 µs after the laser shot. Displayed is the distribution
of dehydrated DHB monomer ions (m = 137 u) obtained
from a neat matrix sample (dried-droplet method). Angle of
incidence of the laser beam was –20° with respect to the
surface normal.
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the measured area, substance P ions seem to be entrained
inside the DHB distribution of the slower mode. The most
important observation is the suppression of matrix ions in
sections where substance P ions occur in high concentrations.
This effect is observed only when substance P is present in the
sample but not for neat DHB preparations (Figure 5). The
extent of this extinction phenomenon strongly depends on the
molar ratio of DHB and substance P in the sample (Figure 7).
While the extinction effect is obvious for preparations, where
matrix is rather rare, it increasingly vanishes for higher ratios
of matrix to analyte.

Measurement of single crystals

The appearance (color, shape) of substance P-doped DHB
crystals is similar to that of neat DHB crystals. One notable
difference, however, is that doped crystals are flatter than neat
DHB crystals, giving an indication of a considerable pertur-
bation of the crystal lattice. The plane of easiest cleavage is
the plane parallel to the largest surface for both crystal species.
According to crystal structure data DHB is crystallizing in
space group P21/a16 and is characterized by formation of plane
sheets of hydrogen-bonded molecules stacked in the b direc-
tion. It is assumed that hydrophobic molecules such as pep-
tides or proteins are incorporated into the growing crystals
between the sheets rather than in the other directions which
are characterized by stronger hydrophilic interactions. The
same behavior has been assumed for crystallization of the
matrix sinapic acid.11,13

Two main characteristics of mass spectra from substance
P-doped single crystals of DHB have been observed in our
free-expansion (no initial acceleration) mass spectrometer:
1)  There is only a very weak substance P ion signal from

the largest surface of the crystal in this non-acceler-
ated expansion process. In contrast to that, both small
surfaces provide stable and highly intense signals of
substance P for several hundreds of shots under soft
desorption conditions. In common laser mass spec-
trometers with initial ion acceleration the largest sur-
face produced peptide ions as well. 

2)  Free-expansion experiments with a frequency quad-
rupled Nd:YAG laser at 266 nm wavelength have
been completely unsuccessful. None of the surfaces
yielding high analyte signals under N2 laser irradia-
tion gave any detectable substance P ion signal at 266
nm irradiation. Again, acceptable ion signals have
been obtained at 266 nm in mass spectrometers with
initial ion acceleration. Likewise, “dried-droplet”
samples have been shown to produce substance P ions
at 266 nm10 with low intensity.

A summed spectrum of a substance P-doped DHB single
crystal is shown in Figure 8. A total of 500 shots was recorded
at different delays. The extraordinary stability and strength of
the mass signals allowed us to acquire and sum any number
of spectra from a single spot on the long thin edge of the crystal
(Figure 9).

By the 500 laser shots a crater of about 100 µm in diameter
and 10 µm in depth was formed in the surface. The direction
of the crater follows the direction of the incident laser beam
(–30° to the surface normal). The crater contains small conical
structures after moderate laser irradiation. These “Trulli” have
been observed before,17 but their formation is not sufficiently
explained yet. Consequently, the sample morphology of the
crystal changes after a few laser shots, whereas the crystal
structure should not be affected essentially. Measurements
obtained exclusively from a defined intact crystal surface
would require large doped crystals where the laser spot can be
moved for every shot to a fresh site. Such large crystals have
not been grown yet.

Figure 6. Ion-density plot, representing the spatial ion distri-
bution 1 µs after the laser shot. Displayed are the distribu-
tion of dehydrated DHB monomer ions (mid), substance P
(bottom) and alkali ions (top) obtained from a substance
P-doped DHB sample (dried-droplet method, molar ratio 125
: 1). Angle of incidence of the laser beam was –20° with
respect to the surface normal.
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Figure 7. Ion-density plots of matrix and analyte ions obtained at various molar ratios of matrix to analyte (dried-droplet
method). Angle of incidence of the laser beam was –60° with respect to the surface normal. The straight line marks the
measured range.
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In contrast to dried-droplet samples mass spectra recorded
from single crystals were characterized by a complete absence
of any alkali ions and alkali attached molecule ions although
the solution for growing the crystals was not free of alkali
impurities. Crystallization is known to be a purification proc-
ess so that alkali ions are phase separated from the growing
crystal. This is much in contrast to macromolecular analyte
molecules, which apparently are incorporated into the crystal
lattice.11–13

The expansion pattern of the ion cloud desorbed from
single crystals (Figure 10) is very similar to that of samples
prepared by the dried-droplet procedure. As in Figure 6 DHB
ions are largely depleted in the high-density region of sub-
stance P. This measurement was performed with an incident
angle of –50° with respect to the surface normal. All laser shots
have been set to one spot on the long narrow side of the crystal
(Figure 9). The angular distribution shows an explicit prefer-
ence of the high velocity part directed towards the incident
laser beam. (Note that the cut-off at an angle of –30° on the
side of the laser beam is due to the geometrical restriction and
does not represent a true cut-off of ion emission.) Figure 11
(top) shows the evaluation of the distribution of radial veloci-
ties (averaged over all angles) of DHB monomer ions (m =
137 u,155 u), DHB dimer ions (m = 273 u) and substance P
ions (m = 1348 u) originating from the above measurement of
the substance P-doped DHB crystal. For comparison, the
DHB monomer velocity distribution measured from a pure
DHB single crystal is added in Figure 11 (bottom). The latter
distribution is bimodal with maxima at 900 m s–1 and 1500 m
s–1, respectively. The two ejection modes can be correlated
with the two monomodal velocity distributions of DHB ions
on the one hand and substance P ions on the other hand [see
Figure 11 (top)]. While the velocity distribution of substance
P corresponds to the slower mode observed for pure DHB, this
mode is suppressed in the velocity distribution of DHB ions
ejected from the peptide doped crystal, such that only the fast
mode remains.

Discussion

Formation of protonated and deprotonated matrix ions is
assumed to be a multi-step process which involves (1) two-
photon excitation of matrix molecules (either direct, via two
steps or via energy pooling), (2) radical ion formation by

Figure 8. Summed spectrum (500 shots), obtained from a substance P-doped single crystal of DHB.

laser

la
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Figure 9. Typical shape of substance P-doped single crystals
of DHB matrix. The surfaces yielding high analyte ion inten-
sities under laser irradiation are signed.
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electron abstraction/attachment and finally (3) multi-pathway
proton transfer reactions.18,19 Formation of analyte ions, on the
other hand, has been investigated much less. The main ques-
tions of interest in this field are:
(1) Is analyte ion formation part of the matrix ion forma-

tion process as described above or is it a process
taking place on a longer time scale (after formation
of matrix ions) comparable to mechanisms known
from chemical ionization mass spectrometry?

(2) Where does analyte ion formation take place? Is it a
gas-phase process or a condensed-phase process?

Prior to a discussion of the obtained data on ion kinetics
we will try to outline a simple working model for the mecha-
nism of analyte ionization in MALDI.

Kinetic overlap model

The most obvious observation from the obtained ion den-
sity plots is the lack of slow matrix ions in areas of high
abundance of substance P ions. From this observation we
deduce the following working model which then shall be

proved by discussion of the various experimental results. We
suggest that ionization of analyte molecules takes place in the
gas phase, driven only by a spatial overlap between a proton
donor (in the positive-ion mode) and the molecule, which lasts
long enough to reach a sufficient reaction probability. We
further suggest that there is no need for energetic collisions
but for a spatial overlap of isovelocic particles, and that there
is no need to assume preformed or directly desorbed analyte
ions. Ionization of analyte molecules is seen here as a secon-
dary process taking place after formation of matrix ions.

Matrix ion quenching

There is no reasonable way to explain the observed lack of
matrix ions other than by assuming a proton transfer from
former matrix ions or electronically excited matrix molecules
to neutral analyte molecules. A simple pressure-driven dislo-
cation of matrix ions by analyte ions is rather unlikely, keeping

Figure 10. lon density plots obtained from the long narrow
side of a substance P-doped single crystal of DHB. The upper
plot shows the distribution of matrix ions while the lower
one shows the distribution of substance P ions. The angle of
incidence was –50°. Consequently the measurable angular
range is limited to –30° to 90° relative to the surface normal.
The sharp radial cut-off signs the measured velocity range.

Figure 11. Velocity distribution (sum over all angles) of
matrix and peptide ions from a substance P-doped DHB
single crystal (top) and from a neat DHB single crystal (bot-
tom). The distribution of substance P is related to the slow
mode of the DHB ions from the pure DHB crystal.
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in mind that the total particle density is not dominated by the
observed ions, but by neutral molecules which are present in
much higher concentrations, and keeping in mind that cou-
lomb repulsion does not play a major role since positive and
negative charges should be balanced in particle clouds not
subjected to an external electric field. There are, on the other
hand, good reasons to believe that at least a considerable part
of analyte ionisation takes place in the gas phase simply by
transfer of protons from a proton donor (higher acidity) to an
analyte molecule (the proton acceptor with lower acidity).
This model is further supported by the fact that molecules like
the common matrices tend to increase their acidity in the gas
phase when they are electronically excited. 20–23 Russell et al.
have shown24 that it is not an essential prerequisite for a matrix
substance to contain a carboxylic group, and that all investi-
gated matrix substances have a higher acidity in the excited
state compared to the ground state. They concluded that
MALDI involves proton transfer reactions between excited
states of matrix molecules and ground states of the analyte.

An additional support of the above model is given by a very
recent investigation of gas-phase proton affinities of common
matrix substances by Jorgensen and coworkers.25 They deter-
mined a decrease of proton affinities in the order nicotinic
acid→sinapinic acid→ferulic acid→ DHB→α-cyano-4-hy-
droxycinnamic acid. Thus for a given analyte molecule to
become protonated α-cyano-4-hydroxycinnamic acid as do-
nor has the highest release of excess energy upon protonation.
A considerable part of this excess energy will contribute to an
increase of internal energy of the protonated analyte and by
that to an increase of post-source decay (PSD).15 An increase
of this PSD fragmentation, if compared to DHB matrix, has
indeed been observed for α-cyano-4-hydroxycinnamic acid in
our instruments. This supports the assumption of a gas-phase
ionization process as modelled above, since analyte ionization
in the condensed phase, or even analyte ionization in parallel
to the dense-phase matrix ion formation, would most prob-
ably, as a multi-particle process, not lead to a detectable
change in internal energy uptake. A distinct increase of inter-
nal energy can only be expected from individual ion–molecule
reactions taking place later in a low-density phase.

Effects of molar ratios

In MALDI mass analysis changing the molar ratio of
matrix to analyte is known to affect the ionization probability.
This is also observed under free-expansion (non-acceleration)
conditions. Figure 7 shows ion density plots for various ma-
trix/analyte ratios (substance P in DHB). As known from
common MALDI instruments analyte ionization yield in-
creases with increasing matrix concentration up to a maxi-
mum, due to an increase in ionization probability, and then
decreases again, due to a decrease of analyte concentration in
the matrix/analyte volume.

The quenching effect, as described above, is only observed
when matrix ions are rare up to the ratio where the maximum
analyte ion intensity is observed. This observation again sup-
ports the assumption of gas-phase acid/base reactions. Matrix

ions appear to become used up for protonation until the
process is saturated and all accessible analyte molecules are
ionized.

A similar effect of matrix suppression has been observed
in mass spectrometers with accelerating ion sources,26 for
certain experimental conditions of laser irradiance and molar
ratio between matrix and analyte.

Laser irradiance

The useful (with respect to analyte ion formation) range of
laser irradiances has been found to be much narrower in the
free-expansion system compared to common (accelerating)
MALDI instruments. This observation is in good agreement
with the kinetic overlap model. It has been found that the mean
velocity of matrix ions strongly increases with laser irradi-
ance.10 A change in initial velocity should strongly influence
overlapping and, thus, ionization efficiency under free-expan-
sion conditions. In accelerating instruments, on the other
hand, there is another effect which might compensate for an
increase of initial velocity, that is the dependence of accelera-
tion-field shielding on the ion density in the cloud. It can be
calculated that about 3 × 105 charges spread over an area of
100 µm in diameter are able completely to shield an electric
field of 1000 V mm–1. Only after a certain time shielding ions
are extracted from the source region and the acceleration field
is able to penetrate into deeper regions. An increase of laser
irradiance will cause an increase in fast-mode ion density and
by that to a prolonged field shielding. The result is a (com-
pared to immediate acceleration) better kinetic overlap of
slow-mode matrix ions and analyte molecules. In combination
these two contrary effects (shielded acceleration field and
increased proton-donor velocity) might cause a constant ioni-
zation yield over a rather broad irradiance range in accelerat-
ing instruments.

Detector saturation at high irradiances (and consequently
high matrix ion yields) might as well contribute to the effect
of vanishing peptide ion signals at higher mass. The detector
problem probably plays a more important role in our small-
size channelplate system (with less channels) compared to
regular-size instruments.

Absorption and emission spectra of DHB

As an additional source of information on the fundamental
energy uptake and transfer process it is helpful to have a brief
look on to the spectral absorption and fluorescence of crystal-
lized DHB, providing data on the excitation process and on
typical life times of excited states.27

Solid-state absorption was measured on a home-built micro
spectral photometer. Fluorescence measurements were per-
formed by modification of a “VISION 2000” MALDI mass
spectrometer (Finnigan MAT, Bremen, Germany).

Absorption and fluorescence spectra are shown in Figure
12. An absorption spectrum of an aqueous solution of DHB is
included for comparison.28 Both wavelengths of interest, 337
nm and 266 nm, excite the same absorption band. The sym-
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metrical splitting into two overlapping absorption bands
(“Davydov splitting”)29 in the crystal compared to absorption
of the solution indicates that at least two absorbers (differently
oriented) are present in the unit cell (the two molecules
coupled via their carboxylic groups). Doped crystals show
nearly the same spectral absorption except for a small shift of
the long wavelength tail to the red. The fluorescence begins at
the long wavelength tail of the absorption spectrum, as ex-
pected, leading to the (obvious) assumption that we are excit-
ing higher vibrational S1 states with both lasers. The
vibrational energy dissipates into the crystal lattice and leads
to relaxation of the molecules to the vibrational ground state
of S1 in the ps time scale (Figure 13). Within the fluorescence
life time of this state, molecules emit a photon and relax to
vibrationally excited S0 states. Alternatively, excited mole-
cules should be able to transfer their excitation energy to other
molecules upon collision, undergo acid–base reactions with
other molecules (driven by enhancement of acidity in the
excited state20–23) or transform their excitation energy into
translational and vibrational energy. It has been found very
recently, that less than 20% of the excitation energy of irradi-
ated DHB is emitted by fluorescence at room temperature in
the solid state.30 A considerable amount of the excitation
energy should thus be available for these alternative processes
in the gas phase.

Fluorescence life times have been found to be in the range
below 30 ns for DHB in our system and in Reference 30. Thus,
for a mean velocity of matrix molecules or ions of 1000 m s–1

ejected material is still considerably excited in an area of 30
µm above the surface.

It can thus be assumed that excitation of matrix ions or
molecules play a considerable role not just in the process of

self-chemical ionisation of the matrix but also in the process
of analyte ionization.

Laser wavelength

The amount of vibrational energy released into kinetic
energy within picoseconds after excitation should have some
effect on the kinetic energy of the ejecting matrix ion jet.
Comparison of observations at 337 nm and 266 nm laser
wavelength supports this assumption. Photon absorption leads
to a S0 – S1 transition in the DHB molecule with successive
fluorescence from the lowest S1 state. The exceeding energy
above the lowest vibrational state of S1 dissipates into dark
(thermal) pathways, responsible for heating of the crystal and
desorption of material. Different wavelengths between 250
and 380 nm will populate the same electronic state, but will
deposit different quantities of thermal energy inside the crys-
tal. The Nd:YAG laser with 266 nm wavelength (4.66 eV
photon energy) is able to deposit 0.98 eV more thermal energy

Figure 12. Spectral optical density of DHB solution and single crystal (doped and undoped) and spectral fluorescence of DHB
single crystal. Fluorescence has been found to be identical within experimental errors for both, 337 nm and 266 nm excitation.

Figure 13. Scheme of excitation and relaxation processes of
DHB at 266 nm and 337 nm.
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in the crystal per absorbed photon than the N2 laser with 337
nm wavelength (3.68 eV photon energy). The optical density
of DHB, on the other hand, is almost one-half for 266 nm
compared to 337 nm. Assuming a constant density of excited
states (lowest vibrational S1 states) necessary for inducing
ionization of matrix molecules (see photochemical ionization
model for matrix molecules18, 19) the thermalized energy per
volume due to relaxation of the higher vibrational states to the
lowest S1 state is thus higher at 266 nm compared to 337 nm.
The result is a mismatch between kinetic properties and con-
ditions for matrix ion formation, which then leads to a poor
kinetic overlap between proton donors and analyte molecules.
The fundamental independence of desorption and ionization
of material in laser induced mass spectrometry has been
described earlier.31 Increasing the laser irradiance will increase
the density of matrix ions, but at the same time will increase
their mean velocity and by that will even deteriorate the kinetic
overlap. (This is the same effect as observed for 337 nm at
higher irradiances.) It has to be noted that the above assump-
tions on the kinetic behavior cannot be proven directly by
observation of a change in mean velocity of matrix ions, but
can only be rationalized by the lack of analyte ion formation
at 266 nm wavelength. An increase of velocity is induced to a
much higher degree by just a slight change of irradiance,
which cannot be measured precisely enough.

Single crystal analysis

The effect that analyte ions could only be observed from
the small surfaces of the single crystals but not from the large
surface cannot be explained sufficiently yet. Possible parame-
ters which might influence this behavior are an anisotropic
spectral absorption coefficient resulting from the fixed orien-
tation of the absorbing aromatic rings in the crystal or mixing
effects between ejected matrix and analyte molecules which
might be different for stacked or neighboring orientation of
the two different species. This question has to be left open here
and shall be addressed in further crystallographic studies.

Effects of laser beam direction

Ion-density plots obtained from dried-droplet samples,
which have been acquired by permanently changing the
desorption spot, show a weak directional preference depend-
ing on the angle of incidence of the laser beam. Although we
are not able to determine ion yields straight into the direction
of the incident laser beam (the nearest detection angle with
respect to the laser beam is 20°), it appears that ion clouds are
shifted into the direction of irradiance (left side) in Figure 7.
This observation is supported by recent investigations of
Chaurand et al.32 They measured a mean ejection angle of 30°
at a laser irradiance angle of 60° for proteins embedded in
α-cyano-4-hydroxycinnamic acid. Their explanation was an
arbitrary distribution of microcrystals, mainly excited at those
surfaces facing the laser beam. Consequently, the mean ejec-
tion angle should follow the direction of the laser incidence.

Ion-density plots obtained from single crystals have been
acquired from a single desorption spot. They exhibit a consid-
erable directional preference into the direction of the incident
laser beam. This observation can be explained by formation
of an ablation crater (Figure 14). Irradiation of a surface by an
oblique angle leads to an asymmetric distribution of absorbed
energy per volume, as can be seen from Figure 14. The center
of highest absorbed energy per volume is shifted to the right
of the focal center. As a result ablation behavior of the material
is asymmetric as well, finally (after several shots) resulting in
a mean ejecting surface which is tilted towards the laser beam
axis.

In general, there are no indications from our measurements
that any other effects or mechanisms exist which would lead
to an ejection behavior other than normal to the ejecting
surface.

General behavior of ion plumes

There have been numerous investigations and theories
about angular distributions of ions or neutrals under various
conditions of thermal or laser excitation in the field of surface
sciences and laser ablation (see, for example, Reference 33).
In none of these studies has the angular distribution been
found to be a simple cosine distribution as would be expected
from a pure thermal model. In agreement with these more
fundamental studies, the typical angular distribution of matrix
ions ejected from MALDI samples has been found to be
forward directed as well, described by I ~ cos2.4.10 The tempo-
ral distribution of laser desorbed ions has been found to be
bimodal in certain cases, as observed in our case for matrix
ions and earlier for ablation studies of PMMA34 and other
polymers,35 for example. In the case of DHB matrix ions our
investigations have shown that the slow mode has a broad
(thermal-like) angular distribution, while the fast mode has a
narrow (jet-like) angular distribution. The reason for this
bimodal behavior has been described as the result of gas-phase
collisions in a dense region, which leads to forward-peaked
ejection plumes even in the case of thermal desorption proc-
esses.36 A complete model of ejection modes in laser desorp-
tion/ablation, however, is still missing.

Figure 14. Scheme of ablation craters formed under laser
irradiation at different incident angles.
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The much more isotropic distribution of alkali ions, as
observed in our measurements, indicates that these species
might stem from separated areas of the sample, rather then
from inside the matrix crystals, and that these ions not neces-
sarily are entrained in the ion jet. Ion imaging studies of
MALDI samples performed with a scanning laser microprobe
support this model of separated areas of alkali and matrix/ana-
lyte location.37

Implications for structure analysis of biopolymers

Post-source decay-matrix assisted laser desorption/ioniza-
tion (PSD-MALDI) has been established recently as a method
for structure analysis of biopolymers such as peptides, oli-
gosaccharides and oligonucleotides.3,4 The principle of this
new method is the mass analysis of product ions that are
formed by unimolecular decay after ion acceleration. It has
been found that the electric field strength effecting the ejecting
ion cloud plays an important role for the extent of postsource
fragmentation.15 In the light of the investigations presented in
this paper the process of ion excitation is even clearer. Assum-
ing that the densities of neutral matrix molecules are consid-
erably higher than those of ions and assuming that the velocity
distributions of ions and neutrals are comparable [meaning
that Figure 6 (mid) holds for neutral matrix molecules as well]
one can derive immediately from Figure 6 that analyte ions
after formation in the gas phase have to pass a high density
area of matrix molecules upon acceleration, that they will
undergo a large number of low-energy collisions and that they
will gain a considerable increase in internal energy, depending
on the electric field strength, i.e. the collision energy. It is in
good agreement with these interpretations that analyte ions
undergo almost no fragmentations even at high laser irradi-
ances, if the initial acceleration field is turned off.15

Conclusion

Investigations of the ejection behavior of matrix and ana-
lyte ions in MALDI mass spectrometry suggest a model of
analyte ionization in the gas phase which is driven simply by
the kinetic parameters and the difference in proton affinities
of matrix and analyte. Ion-density plots obtained indicate that
analyte ionization by proton transfer takes place in a region
where fast and slow matrix ions have already separated in a
way that they do not interfere with each other any more.
Otherwise no localized matrix ion quenching would be ob-
servable. It is therefore assumed that analyte ionization takes
place long after matrix ion formation. It appears that, for
different systems of matrix/analyte combinations and wave-
lengths, different conditions of spatial and temporal overlap-
ping of matrix ions and analyte molecules exist which can be
more or less advantageous for effective ionization. Ionization
behavior under non-accelerating conditions, as used in the
experiments described here, is certainly different from ioniza-
tion under accelerating conditions, and therefore results have
to be translated carefully to MALDI analysis in common
accelerating instruments. There is, however, no doubt that

ionization in accelerating instruments is affected by the ob-
served mechanisms to the same extent and that a considerable
part of limiting effects in MALDI, such as low mass resolving
power, can be attributed to the way the ions are formed.
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Cluster formation of biomolecules in the gas phase
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Supersonic beam expansion with respect to the formation of neutral biomolecular clusters was investigated. Laser desorption
(LD) into a supersonic beam was used to form neutral clusters of biomolecules in the gas phase. The internal degrees of freedom
of laser desorbed neutral molecules were cooled, allowing for the formation of intermolecular bonds leading to neutral clusters
of biomolecules. The clusters were post-ionized by either multiphoton ionization (MUPI), or photo-induced electron impact
ionization (PEI), before detection in a reflectron time-of-flight mass spectrometer (RETOF-MS). Seeding small molecules,
such as water and benzene, into the jet resulted in cluster formation during the supersonic expansion. Intermolecular forces
strong enough to form and stabilize [biomolecule–biomolecule] clusters permitted the investigation of biologically relevant
systems, such as [retinoid–amino acid] cluster interactions. 

Introduction

Supersonic beams have been extensively studied since their
first introduction in the early l950s.1–3 They are widely used
for many applications in physical and chemical experiments
due to their unique features, such as cooling of the internal
degrees of freedom of the molecular species and formation of
clusters. In general, the carrier gas is expanded through a small
orifice or nozzle.4 During the adiabatic expansion the transla-
tional degrees of freedom of the gas are effectively cooled.
The cold translational modes then act as a refrigerant for the
other degrees of freedom. The rotational and the vibrational
modes of the analyte molecules are cooled by multiple colli-
sions with the carrier gas in the expansion region.5–7

Since the number of collisions decreases rapidly down-
stream from the nozzle, internal states of the molecules are
“frozen”. A jet provides a powerful tool to generate isolated
molecules in the gas phase with cooled internal degrees of
freedom.8 Because of this feature, supersonic beams are
widely used in spectroscopic applications.

In the mass spectrometric application of jets, the cooling
of seeded molecules3 before post-ionization results in mini-
mized fragmentation of labile molecules in the mass spectra
since the internal energy of analyte molecules is decreased.9,10

To obtain the molecular ion peak in a mass spectrum, jet
cooling is essential for many labile molecules.11

Laser desorption of neutral organic molecules has been
utilized by several groups.12–15 This technique allows for the
transfer of non-volatile and thermally labile molecules into the
gas phase. At low desorption laser power, significantly more
neutrals than ions are produced during the desorption proc-

ess.16,17 Ratios of 105–103 neutrals to 1 ion generated by LD
with IR lasers have been experimentally determined.18,19

Therefore, LD is a powerful tool to generate neutral gas phase
molecules from non-volatile samples.

A general approach to obtain intact desorption of thermally
labile polyatomic molecules such as biomolecules is to entrain
the desorbed molecules into a jet.20 This approach takes ad-
vantage of the features of both techniques, LD and supersonic
expansion. Laser desorption of intact neutral molecules into a
supersonic beam results in cooling of internal energies of the
desorbed molecules. Combining LD of neutrals, supersonic
jet expansion and soft post-ionization techniques allows for
the detection of molecular ions of thermally labile mole-
cules.21 In particular, resonant enhanced multi-photon ioniza-
tion provides wavelength selective and sensitive detection of
analyte molecular ions without fragmentation.

Besides their use for spectroscopic experiments utilizing
the cooled internal degrees of vibrational and rotational free-
dom described here, supersonic jets are also used for the
formation of gas-phase clusters. The unique features of similar
velocities of all particles in a jet and multiple collisions
enhance the probability of the formation of clusters with weak
interaction forces. Therefore, molecules seeded into a jet form
weakly bonded van der Waals clusters, which is one of the
most interesting applications of supersonic beam expan-
sions.22 Although van der Waals forces are weak, a supersonic
beam provides a low temperature environment where the
relative kinetic energy in a collision is less than the van der
Waals binding energy. Therefore clusters remain intact once
formed. Cluster formation in jets has been observed with
different classes of analytes ranging from atomic clusters to
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clusters of small molecules to metal clusters.23 Interactions of
molecules within clusters are of growing interest, especially
interactions of biomolecules. Weak interactions such as van
der Waals forces or hydrogen bonds are often an important
factor in chemical properties and reactions within organisms.
Many biological processes are governed by weakly bonded
species, requiring demanding techniques for their study.

In this paper, the technique of laser desorption of neutral
biomolecules into a supersonic beam is utilized to obtain
neutral clusters of biomolecules in the gas phase. The idea was
to combine LD producing a large amount of intact neutral
biomolecules in the gas phase with a jet known for the capa-
bility of cluster formation enhancement. The features of su-
personic beams have been examined and enhanced for the
formation of clusters. Geometric parameters are crucial for the
cluster formation of laser desorbed neutral molecules. Neutral
[biomolecule–solvent] and [biomolecule–biomolecule] clus-
ters were post-ionized with resonant enhanced multi-photon
ionization (MUPI) for detection in a RETOF-MS. Post-ioni-
zation with photo-induced EI shows the relative high stability
of jet-cooled clusters in respect to the post-ionization process.
Mass spectra of [biomolecule–solvent] clusters such as [pep-
tide–water] clusters are presented. Since retinoid–amino acid
interactions are involved in biological processes such as vision
and proton pumping through membranes, this system is pre-
sented as an example for biological relevant clusters of bio-
molecules in the gas phase.

Experimental

Experiments were performed in a reflectron time-of-flight
mass spectrometer (RETOF-MS) described in detail else-
where.24 Desorption and post-ionization took place in sepa-
rated areas of the instrument (Figure 1). Desorption was
accomplished in the desorption chamber with a pulsed CO2

laser. The characteristics of the infrared (IR) desorption laser
are: wavelength 10.6 µm, pulse length 16 µs and pulse energy
40 mJ. The IR laser beam could be attenuated by an iris and
was focused perpendicularly on to the probe tip by a 8 cm
ZnSe lens. The desorption laser was focused on to the sample
with a spot size of approximately 0.5 mm in diameter. Analyte
molecules were desorbed from a 1 mm wide probe tip into a
pulsed supersonic beam of argon or helium. Typical settings
for the expansion into the vacuum were 2 bar back pressure
of the gas behind the pulsed valve (Bosch valve, custom
designed) and 10–5 to 10–6 mbar in the desorption chamber.
The vacuum was maintained by three turbo pumps (Balzer,
Wetzlar, desorption chamber: 330 l s–1, ion source: 50 l s–1,
flight tube: 330 l s–1). 

The characteristics of the custom-made pulsed valve in-
clude a variable opening time and an immediate opening of
the orifice by fast repulsion of a polyamide piston. Variable
diameters for the opening were used, with a typical diameter
of 100 µm. The geometric arrangement of the probe tip rela-
tive to the nozzle opening was found to be critical for the
cluster formation. Probe tips with various designs were used

to vary distances and geometry of the solid sample and the
laser impact relative to the orifice. Placing the probe tip close
to the nozzle and about 1 mm below the opening, with the laser
beam perpendicular to jet and sample, provided the best
results for cluster formation. In this geometry neutrals are
desorbed into the expansion region of the jet shortly after the
opening, where most multiple collisions take place. By desor-
bing too close to the nozzle, the desorption plasma is affected
and disturbs the expansion. By desorbing parallel with the jet,
the desorbed neutrals would not reach the collision zone since
the majority of desorbed molecules are desorbed straight from
the surface.

The jet provides cooling of the internal degrees of freedom
of the analyte molecules by multiple collisions with the carrier
gas in the expansion region. During this time collisionally-
cooled analyte molecules may form neutral clusters in the gas
phase. Clusters of biomolecules and jet seeded molecules can
only be formed in the expansion region. To exclude clusters
of biomolecules possibly formed before or during the desorp-
tion process, different ratios of matrix : analyte were investi-
gated. In the collision-free drift region after the expansion no
further molecule–molecule reactions can take place. Neutral
clusters formed in the jet pass a skimmer and are transported
into the ion source. The skimmer allows only the effectively
cooled centre of the jet to pass into the ion source while
off-centre neutrals are quenched (Figure 1). Positive and nega-
tive ions produced during the desorption process are separated
by a repeller plate set at +870 V, so they cannot pass into the
ion source.

Neutral molecules and clusters were post-ionized in the ion
source with MUPI or photo-induced electron ionization
(PEI).25 MUPI was achieved with the frequency doubled
(BBO1) output of a XeCl excimer laser (LPX 110i, Lambda
Physik Göttingen) pumped dye laser (FL 3002, Lambda
Physik Göttingen) at variable wavelength with a 7 ns pulse
width. Wavelengths typically used were in the range between
250 nm and 290 nm. This equals photon energies between 5
and 4.25 eV, so that ionization takes place after a two photon
absorption process. Photo-induced electron ionization gener-
ates a pulse of electrons by an unfocused laser beam impact
on to a tantalum wire. Electrons are emitted from the tantalum
wire due to the photo-electrical effect occurring in tantalum
at photon energies greater than 4.25 eV (λ = 290 nm). Emitted
electrons were accelerated in the electrostatic field of the ion
source toward the repeller. The flight path of neutral molecules
and clusters entering the ion source through the skimmer is in
an opposite direction to the electrons. As the electrons traverse
towards the repeller and the neutrals, they gain kinetic energy
and ionize the neutrals. PEI was typically performed at elec-
tron energies between 50 and 70 eV, controlled by the reflector
voltage.25b

The ions formed were accelerated in a two-stage ion source
with approximately 755 eV and detected in a RETOF-MS
after a flight time of approximately 100–200 µs. Precise tim-
ing of the events-pulsed valve, desorption laser and ionization
laser was achieved with a custom built trigger/delay unit. All
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time-of-flight mass spectra in this paper represent the sum
over 25 laser shots.

The peptide and retinol samples (Sigma, Munich) were
used without further purification. Benzene and water were
seeded into the jet by a reservoir connected to the carrier gas
line. Samples containing the biomolecules were pressed into
pellets prior to desorption. A mixture of the analyte molecules,
a polyethylene matrix and a silver powder comatrix were
mixed and pressed without using any solvent to prevent cluster
formation due to interaction of the analyte molecules in solu-
tion.26 The typically used ratio of 100 matrix molecules to 1
analyte molecule assured that the sample molecules were
isolated in the matrix. A variety of matrix : analyte ratios
ranging from 0 : 1 (no matrix) to 1000 : 1 were investigated.
If cluster formation is related to the desorption process or
clusters are already present in the solid sample, more clusters
are expected to be detected at lower matrix : analyte ratios,
due to the closer vicinity of analyte molecules in the sample.
However, hetero cluster formation was observed up to a molar
ratio of 1000 : 1, matrix : analyte indicating cluster gas-phase
formation. Other evidence for the formation of clusters of laser
desorbed molecules in the gas phase are the crucial geometric
parameters for jet orifice, sample position and laser beam
impact. Clusters formed by laser desorption without any in-
teractions with the jet gas should be detected regardless of the
position of the jet orifice relative to the solid sample. Clusters
are, however, only detected at specific geometric arrange-
ments. These observations suggest that cluster formation of
laser desorbed neutral biomolecules takes place in the super-
sonic expansion in the gas phase.

Results and discussion

Since the term cluster is widely used for many different
types of species, a short definition of the understanding of the
term “cluster” as used in this paper and the types of clusters
investigated is necessary. We adapt the definition of cluster
from Haore,27 which is a very general approach to the term

“cluster”. A particle has to fulfill two specifications to be
considered a cluster: it has to consist of two or more sub-par-
ticles and most of the sub-particles have to be on the outside
of the cluster. The first limitations exclude atoms and mole-
cules, which are only one particle while the second limits a
cluster in its size excluding solids. Within this definition many
special types of clusters may be defined all fulfilling the main
characteristics of a cluster.

In this paper different cluster types of biomolecules are
presented. Homo clusters consist of only one kind of sub-par-
ticle while hetero clusters consist of at least two different
sub-species. All clusters of biomolecules are weak bonded
clusters28 with interaction energies less than 1 eV. Within the
category of weak bonded, clusters can be further distinguished
by their interaction forces. Van der Waals clusters are bonded
due to dispersive and weak electrostatic interactions up to 0.3
eV. Molecular clusters have binding energies between 0.3 and
1 eV from dispersive and electrostatic forces. Hydrogen bond
clusters have binding energies between 0.3 and 0.5 eV.

Due to the weak attractive forces, a low internal energy of
a cluster is required to avoid dissociation into sub-particles.
However, to detect a cluster in a mass spectrometer, ionization
is required. Neutral clusters need to be post-ionized in the gas
phase. Post-ionization, however, allows for the detection of
two different cluster distributions, which depend on experi-
mental conditions. The detection of either the distribution of
neutral clusters or ionized clusters depends on the interactions
stabilizing neutral or ionized clusters, respectively. In addi-
tion, the most stable neutral cluster species are not necessarily
the most stable ionic cluster species and vice versa. Here one
has to consider the ionization conditions for the cluster distri-
bution detected. Since only neutral clusters are transferred into
the ion source, the distribution before ionization is due to the
stability of neutral clusters. If ionization is achieved with little
excess energy and the internal energy of the ionized cluster is
below the appearance energy (AE) for dissociation the de-
tected distribution is according to neutral stability [Figure
2(a)]. Ionization with higher excess energy, however, causes
dissociation of clusters [Figure 2(b)] in the time-scale given
by the instrument, which is about 100–200 µs from ionization
to detection. The observed distribution is then, according to
stabilization, within the ionic species. Ionization with low and
variable excess energy is required to obtain the neutral distri-
bution, which is provided by MUPI.

There have been extensive studies of the features of super-
sonic beam expansions since they are widely used for physical
and chemical experiments.29 The purpose of this section is to
summarize relevant properties of jet expansions and enhance
the operating conditions to generate neutral clusters of bio-
molecules. A supersonic beam expansion is an adiabatic ex-
pansion of a gas through a nozzle into a vacuum. Generally a
high back pressure of the gas (at least atmospheric range) P0,
a small orifice or nozzle with a characteristic dimension D (in
our experiment 100 µm diameter) and an expansion volume
at low background pressure Pvac are required to form a super-
sonic beam expansion. The gas may be expanded continu-

Figure 1. Experimental set-up with the desorption chamber
and ion source of the RETOF-MS.
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ously or through a pulsed valve, which reduces the amount of
carrier gas released into the vacuum system of the MS. We
used a pulsed valve for the gas inlet, since we also used pulsed
desorption, ionization and mass analysis. The criterion for a
jet formation is:

λD << D (1)

where λD is the mean free path of particles in the orifice
and D is the diameter of the nozzle. If λD >> D there are
no collisions of the gas in the nozzle and an effusive beam
into the vacuum is formed. With λD << D, however, mul-
tiple collisions between the particles take place during the
expansion. Due to the collisions a thermodynamic equi-
librium of all particles is formed resulting in a supersonic
beam. A directed beam is produced with a velocity greater
than sound velocity. For an ideal mono-atomic gas the
cooling during an adiabatic expansion equals:30

T / T0 = (P / P0)(g–1 ) /g (2)

where g = Cp / Cv, the quotient of the heat capacities, T
and P are the temperature and pressure after the expansion
and T0 and P0 the temperature and pressure before the
expansion.

The translational temperature Ttrans of an ensemble is de-
fined as the width of the velocity distribution of the particles,
which is reduced significantly in a jet, since all particles have
a similar flow velocity.31 The vibrational and rotational de-
grees of freedom are cooled by collisions with the “cold bath”
translational degree of freedom. The probability of collisions
decreases rapidly with distance from the nozzle. After multi-
ple collisions in the expansion region, there is a collision-free
drift region where all the internal degrees of freedom are
frozen. The internal degrees of freedom are cooled in the order
Ttrans<Trot<Tvib. Since the most effective cooling occurs in the
core of the jet expansion, often a skimmer3 is used to separate
the less cooled, off-centre neutrals, before probing.

The experimental necessity of a supersonic expansion for
cooling the degrees of freedom of analyte molecules was
investigated. The dipeptide leu–trp was laser desorbed and
entrained into supersonic beams of argon and helium and
compared to the situation without a jet (Figure 3). The desor-
bed neutral molecules were post-ionized with MUPI at 280
nm wavelength (4.43 eV) using soft ionization conditions.
The use of argon as a carrier gas resulted in a mass spectrum
where the molecular ion of leu–trp (C17H23N3O3

+, m/z 317)
represents the base peak [Figure 3(a)]. Fragmentation due to

the loss of water is minor as depicted by the abundance of the
fragment ion Cl7H21N3O2

+ (m/z 299). The characteristic frag-
ment ions of the amino acids trp, the methylen-indol ion
(C9H8N+, m/z 130), and leu, the C5H12N+ ion (m/z 86) are
detected.

Performing the experiment under the same conditions but
without a supersonic beam results in tremendous changes in
the TOF mass spectrum [Figure 3(b)]. Base peaks in the
spectrum are the fragment ions C9H8N+ (m/z 130) and C5H12N+

(m/z 86). The intensity of the molecular ion has decreased
significantly compared to the experiment with a supersonic
beam of argon while the intensities of fragment ions have
increased. In addition to the fragment ions C9H8N+ (m/z 130)
and C5H12N+ (m/z 86), the fragment ions C8H15N2O3

+ (m/z 187)
and C12H11N2O3

+ (m/z 232) were detected. These ions repre-
sent the same cleavages with the other part of the molecule
retaining the charge. The charge is now found on both frag-
ments resulting from the cleavage under conditions without a
jet. In addition to the characteristic fragment ions of the
dipeptide, fragmentation into small fragment ions down to C+

(m/z 12) was detected. Spectra with helium (rmm 4) as the
carrier gas show a decrease in the molecular ion signal and an

Figure 2. Scheme of multi-photon post ionization of neutral
clusters.

Figure 3. Time-of-flight mass spectra of the dipeptide leu–
trp. LD of neutrals into a supersonic beam of argon results
in the molecular ion as the base peak (a), while without a jet,
increased fragmentation is observed (b). The insert shows
the cleavage sites for leu–trp specific fragment ions.
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increase in fragmentation compared to the mass spectra using
argon (rmm 40) as the carrier gas, yet not as extensive as
without a jet. One can conclude that collisions with the heavier
argon atoms were more efficient with respect to cooling the
peptides than collisions with the lighter helium atoms. Only
jet cooling with argon allowed for the detection of the molecu-
lar ion of the thermally labile dipeptide leu–trp as the base
peak in the mass spectrum.

The observed increased fragmentation without a jet is the
result of fragmentation occurring by two processes during the
experiment: ionization and desorption. Fragmentation during
ionization increases, since analyte molecules without jet cool-
ing reach the ion source with higher internal energy. Post-ioni-
zation of molecules with high internal energy results in more
fragment ions since appearance energies for fragmentation
pathways are exceeded by ions with high internal energy.
Fragmentation during desorption or shortly thereafter occurs
due to the high internal energy of the analyte molecules after
the desorption process. Without collisional cooling to de-
crease the high internal energies, fragmentation of the desor-
bed molecules into neutral fragments occurs, which are then
post-ionized in the ion source.

There is strong evidence that cooling during both processes
allows for detection of intact labile molecules and clusters.
Ionization with EI, a hard ionization technique, allows only
for the intact detection of jet cooled labile molecules and
clusters. Without jet cooling of the internal degrees of freedom
before post-ionization, only fragment ions are detected with
EI. Fragmentation down to small fragment ions such as C+

(m/z 12) as seen in the leu–trp spectrum without jet cooling,
however, requires absorption of more than 10 photons by the
molecules during MUPI,32 which is not likely under the soft
ionization conditions. Therefore, since it is unlikely that these
fragments are formed during the ionization process, it is
concluded that the small fragment ions are most likely due to
fragmentation of the peptide during the desorption process
without jet cooling.

Cooling of both processes in a jet is also essential for the
formation and detection of clusters. Cooling of the internal
degrees of freedom of the analyte molecules, especially the
translational temperature, results in similar velocities of all
molecules in the jet. During multiple collisions in the expan-
sion, clusters are formed by interactions between colliding
molecules. High internal energies, however, result in an im-
mediate dissociation of weakly bound species. The initially
formed cluster is stable in the observation time of the experi-
ment only if the attractive forces between the molecules
forming a cluster is greater than the internal energy of the
complex or if a cluster with high internal energy can be cooled
by additional collisions. A cluster, formed and stabilized as
neutral, also has to remain intact during post-ionization, which
was only observed with jet cooling.

Of interest for cluster studies is the time distribution of
clusters of different size in a supersonic beam. A time profile
for the cluster distribution in a supersonic jet of argon was
obtained for benzene homo clusters (Figure 4). Benzene was

seeded into the argon carrier gas and cluster formation took
place during the expansion into the vacuum. The excess en-
ergy deposited during ionization for the non-resonant ionized
benzene clusters was about 0.3 eV (λ = 260 nm, 2 × 4.77 eV =
9.54 eV). Non-resonant excitation with a wavelength signifi-
cantly distant from the closest excited state for all cluster sizes
is necessary to avoid resonant enhancement of one cluster size
at specific conditions. Wavelengths close to a resonant state
would result in increasing the signal of “warm” clusters with
high internal energies, since some of them would be resonant
enhanced ionized, while ionization with a resonant wave-
length would enhance “cold” clusters with low internal ener-
gies. In both cases, not the time distribution in respect to the
cluster size, but the conditions of the jet, at which most
molecules are in a state to absorb resonantly the irradiated
laser wavelength, would be probed. In the case of benzene,
only with non-resonant conditions for all species is a time
relevant distribution obtained.

This experiment indicates that the time at which the maxi-
mum intensities for clusters are detected is size independent.
Homo clusters of up to nine benzene molecules have a similar
time profile in the jet as the benzene dimer, as shown in Figure
4. The dimer time profile has a FWHM of 150 µs, indicating
that clusters are formed as long as the jet conditions are
sufficient and neutral molecules are desorbed. The results also
indicate multiple collisions between the molecules in the
expansion and a collision-free drift region after the expansion.
The characteristics of the pulsed valve are critical for the
cluster formation, especially opening time and opening veloc-
ity. Therefore, if the conditions are sufficient for the formation
of dimers, then they are also sufficient for the formation of
larger clusters.

The location of the cluster formation is crucial for any
study. Possibilities for the cluster formation are interaction in
solution during sample preparation, interaction during the
desorption and interaction between colliding molecules in the
gas phase. Only the latter case, formation in the jet, allows for
studying gas-phase interactions between molecules. Figure 5
shows a time-of-flight mass spectrum of the amino acid tryp-
tophane (trp) desorbed into a supersonic beam of argon con-
taining benzene molecules. Ionization was performed at 270
nm, a non-resonant wavelength of benzene at which trp shows
good absorption. In addition to the molecular ion of trp (m/z
204), [trp–benzenex] (x = 1,2,3) clusters are detected. The
formation of the hetero clusters can only take place during the
supersonic expansion shortly after the nozzle, since this is the
only place where interactions between a seeded benzene and
a desorbed trp can take place during the experiment. Forma-
tion due to the desorption process is not possible since there
are no benzene molecules present in the solid sample. After
the expansion region there is a collision-free drift region,
where no interactions between the molecules take place. Clus-
ters containing one trp molecule and up to three benzene
molecules were detected. These clusters were formed during
collisions of jet cooled molecules in the gas phase with less
internal energy than the interaction forces. The observed clus-
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ter formation of a laser desorbed and a seeded molecule proves
that jet gas and desorbed molecules undergo multiple colli-
sions until the velocities of both are similar enough to allow
the formation of weak bonded clusters.

Optimized experimental parameters allowed for the detec-
tion of homo and hetero clusters of several types of bio-
molecules including amino acids, peptides and nucleosides.
In Figure 6 this behaviour is demonstrated again by a TOF
mass spectrum of the amino acid tryptophane (trp). Since the
desorption process was optimized towards cluster formation,
homo clusters of trp containing up to six trp molecules are
detected. Jet cooling of the laser desorbed molecules provides
an environment where neutral trp clusters up to [trp]6 are
formed although they are weakly bonded species. The weak
attractive intermolecular forces between trp molecules are
sufficient to stabilize the neutral clusters under jet conditions.
Post-ionization of the neutral clusters in the gas phase with
MUPI under soft conditions at 270 nm (4.6 eV) allows for the
detection of the ionized clusters. The observation of trp clus-
ters indicates, that our technique allows the formation of
neutral clusters of biomolecules by multiple collisions in the
gas phase.

Since jet cooling has been utilized to allow EI ionization
of labile organic molecules,10 the dipeptide trp–gly (m/z 261)
was ionized by PEI. Figure 7 is the time-of-flight mass spec-
trum of trp–gly ionized with PEI. The laser desorbed trp–gly
was entrained into a jet of argon containing seeded water

molecules. Jet cooling allows clusters of biomolecules to be
ionized and detected, even when a hard ionization technique,
such as EI, is employed, since the clusters are formed with low
internal energy. The homo clusters of trp gly containing up to
five dipeptides ([trp–gly]5, m/z 1305) were detected. Beside
the formation of peptide homo clusters, hetero clusters be-
tween peptide and water molecules are formed in the jet.
However, a significant amount of [peptide–water] clusters are
only detected for the monomer trp–gly with up to five water
molecules. Attachment of up to three water molecules to
trp–gly is detected with relative high abundance, while the
attachment of the fourth and fifth water molecule is less
intense. The dimer of trp–gly and larger clusters show only
little evidence of the addition of water molecules. While the
monomer is solvated in the gas phase by water molecules, the
positions for water addition are probably blocked at the clus-
ters due to peptide–peptide interactions. Since PEI is a non-
selective ionization method, all molecules in the jet are

Figure 4. Time distribution of benzene homo clusters in a
supersonic jet of argon.

Figure 5. Time-of-flight mass spectrum of laser desorbed
tryptophane into a seeded benzene argon jet. Hetero clusters
are formed in the expansion region in the gas phase.

Figure 6. Time-of-flight mass spectrum of tryptophane homo
clusters ionized with MUPI at 270 nm.
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ionized. The peptide and its cluster as well as high abundant
signals due to the jet gas argon (m/z 40) and the doubly charged
argon (m/z 20) are detected. Also, water and other small
molecules are observed in the mass spectrum.

Another interesting feature is the observed loss of water of
the peptide monomer and clusters. All species lose up to as
many water molecules as they contain dipeptides. Loss of one
water molecule is observed for the peptide while loss of one,
two, three and four water molecules is seen for the cluster
[trp–gly]4 (m/z 1044). In each case the fragment ions indicat-
ing the water loss are lower in intensity than the corresponding
parent ion except in the case of the monomer. The signal at
m/z 243 is significantly higher compared to the signals of
cluster ions with one or more water loss. It should be noted
that the water loss for peptides is a well-known mass spectro-
metric fragmentation.33

After proving the ability to form clusters of biomolecules
with this technique we applied the technique to form [reti-
noid–amino acid] clusters. Retinoids are involved in many
photon-induced processes in organisms: Vision is initiated by
a photo-induced cis–trans isomerization of retinal bound to a
protein, and proton pumps through membranes contain a
protein-bound retinoid, to mention only two examples. The
photon energy is absorbed by the retinoid prior to the change
in chemical energy. The environment of the retinoid in the
protein is an important factor for these processes. Since the
retinoids are surrounded by different amino acids of a protein,
we were interested in the interaction and cluster formation of
retinoids with different amino acids in the gas phase. All-trans
retinol (ret, m/z 286) was used as the retinoid and tryptophane
(trp, m/z 204) as an amino acid with a non-polar side group,
tyrosine (tyr, m/z 181) as an amino acid with a polar side group
and histidine (his, m/z 155) as an amino acid with a basic side
group. The sample preparation avoided any interaction be-
tween the analyte molecules in solution. Ionization was per-

formed with MUPI at 270 nm wavelength (2 × 4.6 eV = 9.2
eV), depositing an excess energy of less than 1.7 eV into the
clusters during ionization. The time-of-flight mass spectra of
the mixtures are summarized in Table 1. The formation of
neutral clusters between retinol and the amino acids was
observed in all spectra showing cluster formation of biological
relevant molecules in the gas phase, due to weak molecule-
specific attractive intermolecular forces.

A mixture of ret and trp results in a spectrum with the
molecular ions of trp and ret as base peaks, since both mole-
cules are resonant enhanced ionized at 270 nm. The homo
cluster of the amino acid [trp–trp] is detected with 18%
abundance, while the cluster of interest, the hetero cluster
[ret–trp] is detected with 3% abundance. The hetero cluster
[ret–trp] is formed under the conditions of the jet expansion,
however, there is no preference observed for formation of this
cluster or special stabilizing interaction forces between ret and
trp, since the homo cluster [trp–trp] is detected with even
higher abundance. The homo cluster [ret–ret] was hardly
detected in any of the mixtures, indicating that there are no
substantial π-system or functional group stabilizing interac-
tions between retinol molecules. Desorption of a mixture of
ret and tyr also shows the molecular ions of ret and tyr as base
peaks, both resonant enhanced ionized. The homo cluster
[tyr–tyr] is detected with the relatively high abundance of
30%, while the hetero cluster [ret–tyr] is detected with the low
abundance of 3%. Even the homo trimer of the amino acid
[tyr–tyr–tyr] is detected with higher intensity (6%) than the
hetero cluster. Both the non-polar amino acid trp and the polar
amino acid tyr show no preference in forming a hetero cluster
with ret in the gas phase. These results indicate that there are
no specific interactions between the amino acids trp and tyr
and retinol molecules in the gas phase, which stabilize a
cluster.

A mixture of ret and the base amino acid his, however,
results in a different cluster formation. Since the resonant
enhancement of absorption is weak for his at 270 nm, the
abundance of the molecular ion is only 22% . The hetero
cluster [ret–his], however, has a relative abundance of 27%,
even higher than the molecular ion of his. The hetero cluster
[ret–his] is the most abundant of all clusters detected within
this mixture, indicating a preference of this cluster due to
interactions between ret and his. Stabilization of a [ret–his]
cluster is due to attractive forces between the ret and the base
side group of his. Theoretical calculations (QVFF, Insight
Biosym34) reveal several energetic stable geometric configu-
rations for [ret–tyr] and [ret–trp] cluster while only one spe-
cific geometric configuration for the [ret–his] cluster was
found to be significantly stabilized. [ret–his] clusters are
formed in a specific geometry. The calculations also indicate
strong stabilization forces within the ionic form of the [ret–
his] cluster. While [ret–trp] and [ret–tyr] clusters are detected
only with low abundance, the [ret–his] cluster is the most
abundant cluster detected in a mixture of ret and his, indicating
molecular recognition between ret and his. Specific interac-
tions between retinoids and certain amino acids, that rule

Figure 7. Time-of-flight mass spectrum of the dipeptide
trp-gly. Homo clusters [trp–gly]x (x = 1–5) and hetero clus-
ters [trp–gly + (H2O)y] (y = 1–5) are detected with photo-
induced EI (PEI).
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important organism processes, are detected between single
molecules in the gas phase. Specific interactions and stabiliz-
ing attractive forces between ret and his molecules allow for
high abundant detection of the hetero cluster [ret–his].

Conclusion

Supersonic expansion and LD of neutrals were combined
to create a powerful tool to generate neutral clusters of bio-
molecules in the gas phase. Multiple collisions within the
expansion region of a supersonic expansion provide sufficient
cooling to create similar translational velocities of laser desor-
bed biomolecules. Collisional cooling after the desorption
process and cooling of the internal degrees of freedom before
post-ionization allow the detection of intact molecular ions
and clusters of thermal labile molecules. The environment
generated by a supersonic expansion allows the formation of
weak bonded neutral clusters of biomolecules. Stable clusters
are formed by collisions of jet cooled molecules if the velocity
differences are less than the interaction forces.

In this paper the gas phase formation of hetero clusters of
laser desorbed and seeded molecules have been studied with
respect to analyte : matrix ratio studies, crucial geometric
parameters for sample position. Jet cooling is essential for the
formation and detection of the clusters. Cooling of the trans-
lational, rotational and vibrational degrees of freedom allows
the formation of weak bonded neutral clusters with low inter-
nal energies. Using a soft ionization technique such as MUPI,
weak bonded clusters of biomolecules were detected. Further-
more the jet cooling allows detection of clusters even with a
“hard” ionization technique such as EI. An example of peptide
clusters containing up to 5 dipeptide monomers, which were
successfully post-ionized and detected with photo-induced EI,
was presented.

The unique features of this technique allow the study of
specific interactions between molecules in the gas phase, such
as biomolecule–solvent and biomolecule–biomolecule inter-

actions. A mass spectrum of clustering between a dipeptide
and water has been presented, demonstrating different affini-
ties of the monomer and clusters to water molecules. Molecu-
lar interactions can be probed in the gas phase within the
retinoid–amino acid cluster system. A specificity towards the
formation of [ret–his] cluster was observed, indicating mole-
cule specific intermolecular forces. The technique presented
here can be used for the generation and detection of weak
bonded neutral clusters of biomolecules in the gas phase,
allowing for a wide range of promising applications.
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Letters
Eur. Mass Spectrom. 1, 105–106 (1995)

Letter: Support for the proposed observation by ionspray
mass spectrometry of piroxicam/β-cyclodextrin and

terfenadine/β-cyclodextrin non-covalent inclusion complexes

Dear Sir
In recent years increasing effort has been directed to the

investigation of guest–host non-covalent inclusion complexes
by mass spectrometry. Almost all of the so-called “soft” mass
spectrometric methods have been exploited in order to gener-
ate and characterise intact charged species in the gas phase of
such weak supramolecular associations.

We are presently concernedl–3 with the study of the non-co-
valent inclusion complexes of guest-drug molecules in the
hydrophobic cavity of host-cyclic oligosaccharides such as
cyclodextrins (CDs). These complexes are of current interest
to the pharmaceutical industry, as they are able to improve the
solubility, stability and bioavailability of the guest-drug.4

We have reported recentlyl the first results of a study by
ionspray (IS)5 mass spectrometry of the non-covalent inclu-
sion complexes6 of the anti-inflammatory piroxicam7 (1), and
also the antihistaminic terfenadine8 (2) with β-cyclodextrin
(β-CD). Using this inherently mild technique we have been
able to detect effectively the gaseous protonated and cation-
ated 1 : 1 drug/β-CD adducts from the diluted solutions (5–20
ppm in 50 : 50 (v : v) water/acetonitrile) of the 1 and 2/β-CD
inclusion complexes. Tandem-mass spectrometry9 experi-
ments supported these results,l and, very interestingly, they
showed that collision-induced dissociation of the gaseous
protonated or cationated 1 : 1 drug/β-CD adducts did not
generate protonated or cationated β-CD species. Hence, the
abundant protonated or cationated β-CD species observed in
the normal IS mass spectra might reasonably be considered to
originate from free β-CD, which is present in the sample
solution, due to the dissociation equilibrium of the complexes,
according to the behaviour in water already investigated by
NMR.3

Our previous results,l however, did not allow the question
to be answered as to whether true inclusion complexes rather
than 1 : 1 drug/β-CD clusters were detected as protonated or
cationated species by IS mass spectrometry. In the present
paper we report further experimental results, which can cast
some light on this point. In particular, operating with the same
instrument and conditions used previously,l we have run the
IS mass spectra of the mechanical mixtures of 10 ppm β-CD
+ 1.6 ppm of 1 or + 2.5 ppm of 2, both dissolved in 1 : 1
water/acetonitrile containing ammonium acetate 5 × 10–2 M.
Such concentrations correspond to a 1 : 2 drug/β-CD molar

ratio as for the related inclusion complexes. In both these cases
we have observed the peaks of the protonated 1 : 1 drug/β-CD
adducts at m/z 1466.7 and 1606.7, respectively. These results
are in agreement with an equilibrium between the inclusion
complexes and their components in solution, according to the
behaviour already investigated in water.3 Further, we have
injected separately the solutions of pure β-CD and of the drugs
in the above concentrations through a coaxial capillary inlet,
in which contact of the β-CD and drug solutions was allowed
only just before the terminal tip. Also in this case we have
observed the weak peaks of protonated 1 : 1 drug/β-CD ad-
ducts at m/z 1466.7 and 1606.7, for 1 and 2, respectively.
While these results might suggest a rather fast formation of
the inclusion complexes from their free components in our
polar medium, they do not rule out the possibility of formation
of the corresponding ion–molecule clusters. Therefore, in
order to probe such a point, we have run the IS mass spectra
of the mechanical mixtures of 1 or 2 and maltohexaose (MH)
(Fluka, CAS 34620-77-4), a non-cyclic oligosaccharide,
which, obviously, is not able to give inclusion complexes
while it should not behave much differently from β-CD as
regards the capability of producing ion–molecule clusters
with 1 or 2.

Very interestingly, operating in the same solvent and molar
concentrations of MH plus drug and with addition of ammo-
nium acetate, as with the β-CD + drug mechanical mixtures
above, we did not observe the peaks of the protonated or
cationated 1 : 1 drug/β-CD adducts, and analogous negative
results have been obtained even with 10 times more concen-
trated solutions. For instance, the IS mass spectrum of pure
MH (see Figure 1) is analogous to that of β-CD1 and shows
the great predominance of the ammonium, with minor so-
dium, cationated species (m/z 1008.4 and 1013.4, respec-
tively), while the protonated species (m/z 991.3) is practically
absent.

In conclusion these results strongly support that the pro-
tonated or cationated 1 : 1 drug/β-CD adducts we detected and
characterised in the previous work1 by IS mass spectrometry
and MS/MS, were true host–guest inclusion complex species,
rather than just ion–molecule clusters. Moreover, a rather fast
equilibrium between complexes and free components in the
polar solvent used is confirmed, and the free β-CD present in
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solution can be detected by IS mass spectrometry only as
ammonium or alkali cationated and not as protonated species.
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Figure 1. Ionspray mass spectrum of pure maltohexaose
(MH).
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Comment
V.V. Takhistov and D.A. Ponomarev, Eur. Mass Spectrom. 1, 107–110 (1995)

A reply to the comment on “Isodesmic reactions and
thermochemistry of ions”

Dear Sir
Readers will be aware that it is scarcely possible to find a

compound which does not produce rearrangement ions under
electron impact (EI) (the processes of H- and C-scrambling
are obviously included). There is a wealth of data collected
by the international community of mass spectrometrists rep-
resenting hydrogen and skeletal rearrangements. Often prod-
uct ions formed after isomerisation of any precursor ions
constitute the greater part of the total ion current. All this
means that in such cases the rearrangement processes are
accessible both energetically and kinetically. In this respect
we are saying nothing new to practicing mass spectrometrists
in our Account.1  We give only the quantitative energetical
grounds for both simple bond cleavage and rearrangement
processes.

It would seem that some readers consider that we reject too
easily such “respected” notions as kinetic shift, reverse critical
energy ER and others. That is just not the case. Seven years
ago we measured appearance energies (AEs) of [M–R′]+ (or
[M–R]+) ions originating from more than 20 aliphatic and
aromatic β-diketones.2 In nearly all instances, we obtained
ions of structure RC(OH)=CHC≡O+. Although neutral mole-
cules of β-diketones in the gas phase exist predominantly in
one of two possible enol forms (with an admixture of keto-
form and other enol), energetically accessible 1,3- (diketo-
form → enol) or 1,5- (one enol to another) hydrogen shifts in
the molecule ion produce an ionized isomer which gives rise
to the most stable fragment RC(OH)=CHC≡O+. Even in isomers
CF3C(OCH3)=CHCOCH3 and CF3COCH=C(OCH3)CH3 the
AEs of (M–CH3)+ [and of (M–CF3)+] ions were nearly identi-
cal, manifesting a facile CH3-“tautomerization” in the mole-
cule ion:2

AE [M–CH3]+ 9.67 eV 9.66 eV

AE [M–CF3]+ 9.71 eV 9.76 eV

In C6H5COCH2COR′ molecules (R′ = CH3, C2H5, c-C6H11,
CH2C6H5, CF3, n-C3F7, n-C6F13, cyclo-C6F11) at the thresholds
of [M–R′]+ formation, the ions of C6H5C(OH)=CHC≡O+

structures were obtained. Similarly, XC6H4C(OH)=CHC≡O+

ions were registered from p-XC6H4COCH2COCF3 (X = CH3,
F,  Br and H).  But,  surprisingly,  in the case of p-
CH3OC6H4COCH2CORf (Rf = CF3 or n-C6F13), AEs [M–Rf]+

values were by c. 0.9 eV higher than those expected for ions

of the CH3OC6H4C(OH)=CHC≡O+ structure. It was clear that
neither kinetic shift nor reverse critical energy (at those times
we, along with many other investigators, also admitted their
importance) were responsible for the increase in AE, since
both effects were virtually absent in nearly 20 structurally
close compounds. The experimental AE values corresponded
to an ion of structure CH3OC6H4COCH2C≡O+, the heat of
formation (∆Hf) of the latter being estimated from the known
heat of formation of the CH3C≡O+ ion. Only after several
months of doubts and trials (the AEs of these ions were
remeasured several times) could we answer the question of
why in the case of diketones containing the CH3OC6H4-group,
an ion in its diketo-form was produced despite being less
stable by 90 kJ mol–1 than its enol tautomer. The heats of
isomerization ∆Hiso of ionized ketoenol to its diketo-form are
0.6–0.8 eV for aliphatic (compare with 0.6 eV for acetone)3

and 1.0–1.1 eV for aromatic β-diketones.2 In most of the
compounds studied the values of the critical energy E0 for R′
elimination from [RC(OH)=CHCOR′]+• do not surpass the
∆Hiso values. But the introduction of the CH3O-group drasti-
cally decreases the ionization energy (IE) of the molecule
from 9.03 eV (R = C6H5) to 8.23 eV (R = p-CH3OC6H4) and
only slightly decreases the AE [M–Rf]+, due to the remote
position of the CH3O-group from the breaking bond. Hence,
the E0 for Rf loss increases to c. 2.0 eV and the molecule ion
gains an “energetical” opportunity to isomerize to an ionized
diketo-form, spending only 1.0 eV as compared with 2.0 eV
for simple bond cleavage. Now, a newly born isomer decom-
poses through its two most energetically favourable processes
of simple bond cleavage giving CH3OC6H4COCH2C≡O+ +
CF3

• and CH3OC6H4C≡O+ + C•H2COCF3 [but not
C•H=C(OH)CF3] fragments. This detailed analysis of the
reasons and driving forces of rearrangement processes made
in 1988 gave a start to the formation of the position expressed
on a broader scale in our Account.1

We consider that our Account1 appeared at a proper time
after reading the comments of McAdoo4 and the communica-
tion of Yoo et al.,5 in which a kinetic shift of 30 eV(!) or 2900
kJ mol–1 was attributed to the decomposition of fullerene
molecule ions C60

+• → C58
+• + C2 with an estimated E0 of

6.0–6.5 eV for the latter process. We have made a quick
(rather an approximate) estimate of the heats of formation of
C58

+• isomers (they should not be confused with ionized, stable
C58-fullerene similar to C60).6 Of course, we represent only
their fragments F1 and F2 (Figure 1) presuming the structure

CF3C CH CCH3

O CH3 O

•+
CF3C CH CCH3

O OCH3

•+
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of the rest of the molecule remains as in the C60 molecule (the
thermochemical data were taken from References 7 and 8).

If an isomer F2 is assumed, then its AE becomes 25.7
eV. We do not think that enclosure of the second four-mem-
bered ring is possible in F1. Any further opening of the
benzene ring in M1+• will increase the heat of formation of
both the isomeric molecule ion C60

+• and the fragment ion
C58

+•, since the ∆∆Hf contribution from –C≡C– is higher
than〉C=C〈 in benzene, and will result in a further increase in
the AE of the C58

+• ion approaching the experimental value of
AE C58

+• ion. In this instance of fullerene fragmentation, it is
not necessary to call for a kinetic shift of 30 eV.

We are compelled to discuss all these dull calculations
(both in diketones and fullerene), because it is the only way
to represent a reasonable energetical picture of any fragmen-
tation process. It is much easier to suggest a kinetic shift and
other effects than to estimate the heats of formation of possible
isomers. Having measured the AEs [M–CH3]+ from com-
pounds 1–3 and [M–Cl]+ from compound 4 ([C9H9O]+ being
the only fragment at low energies), we estimated, instead, the
heats of formation of 29 [C9H9O]+ isomers using isodesmic
reactions and found the structures of ions corresponding to

experimental AE values. We also suggested reasonable
mechanisms of their formation (Figure 2).10

In the further example of compound 5, instead of obtaining
[M–CH3]+ ions of the expected structures F3 and F4 with AEs
(estimated) of 9.9 and 10.0 eV, respectively, we measured AE
9.0 eV for [M–CH3]+ (IE = 8.84 eV) and estimated the heats
of formation of 35 C5H5O+ isomers rather than looking for
“hot bands” (Figure 3).11

In our Account1 it was shown that elimination of HX from
[CH2=CHX]+• ions (X = H, CH3  Br, Cl) occurs with ER ≈ 0.
Elimination of H2 from [CH3CH3]+• does not indicate a no-
ticeable ER value either: AE (M–H2)+• = 12.1 eV [by EI12 and
AEcalc = 11.93 eV (from ∆Hf

0 C2H6, H2 and C2H4
+•)]. In our

discussion we omitted the processes of 1,1-elimination. Our
analysis of data taken from References 12 and 13 indicates
AEexp ≈ AEcalc for [M–H2]+• ions coming from PH3, AsH3,
SiH4, GeH4 for FCH=C+• formation from [FCH=CH2]+• , for
HF loss from [FCH=CH2]+• giving +•C=CH2. AEs only slightly
higher than calculated AEs have been observed for HBr+•

(from CH3Br), +•NH (from NH3), +•CF2 (from CF2Cl2).12 At
the same time the high value of AE H2

+• 15.42 eV (AEcalc =
14.26 eV) originating from CH2O+•12 can be explained by the
involvement of excited states at high values of AEs.14 Such a
possibility was not discussed in our publication.1 This involve-

C

C

+ + +

+•

C C
or

M0
+•• M1

+•• F1 F2

∆Hf
0 / eV 34.4 42.9 42.7 46.3

∆Hf
0(M0

+•) = ∆Hf
0(C60) + IE(C60) = 26.82 eV7 + 7.57 eV5 = 34.39 eV.

∆Hf
0(M1H2 or C60H2) = ∆Hf

0(C58H2) – CB(H) + CB(Ct) + Ct(H) = 28.0 – 0.14 + 0.25 + 1.17 = 29.28 eV.
∆Hf

0(M1
+•) = ∆Hf

0(M1) + ∆Hf
0(HC≡C•) – ∆Hf

0(HC≡CH) + ∆Hf
0(C6H5

+) – ∆Hf
0(C6H6) = 29.28 + 5.23–2.35 + 11.62 – 0.86 = 42.92 eV.

∆Hf
0(C58H2) = ∆Hf

0(C60) – 2[∆Hf
0(C60 : 60] + 2[CB(H)] = 26.82 eV – 2(0.446) + 2(0.145) = 28.0 eV.

∆Hf
0(F1) = ∆Hf

0(C58H2) + ∆Hf
0(C6H5

+) + ∆Hf
0(C6H5

•) – 2∆Hf
0(C6H6) + ∆Hstrain(cyclobutene) = 28.0 + 11.62 + 3.53 – 2(0.86) + 1.29

 = 42.72 eV.
AE(F1) = ∆Hf

0(F1) + ∆Hf
0 (•C≡C•) – ∆Hf

0(C60) = 42.72 + 6.16 – 26.82 = 22.1 eV.

Figure 1.Heats of formation of C60
+• and C58

+• isomers. CB(H) and CB(Ct) signify benzene C atoms attached to the H and carbon
of the triple bond, respectively; Ct(H) indicates a carbon atom with triple bod attached to a H atom (see Reference 7).
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Figure 2. Compounds 1–4.
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X
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Figure 3. Compound 5 and fragments F3 and F4.
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ment could explain the higher AE values for H2 loss from
H2C=X+ species (X = OH, NH2, SH) although, to our knowl-
edge, the experimental values of AEs for these processes are
not available. An additional source of higher AEs in this case
could originate from the contribution of the isomers :C=X+

(having much higher heats of formation than their isomers
HC≡O+ and others) to the ionization efficiency curve.

The energetical and kinetic accessibility of 1,2-, 1,3- and
1,4-H-shifts could be further illustrated by fragmentation of
(CH3)2CHCN molecules:15 IE = 11.53 eV, AE (M–27)+• =
11.52 eV, AEcalc = 11.34 eV ([CH3CH=CH2]+• + HC≡Ν), AE-
calc = 11.8 eV ([CH3CH=CH2]+• + HN=C:) (all thermochemi-
cal data necessary for these calculations are taken from
References 8, 12 and 16). The mechanism of elimination of
cyanic acid includes at least three rearrangement processes,
all three occurring with zero E0 and obviously possessing E0

values below those necessary for simple bond cleavages, 0.6
eV and 0.27 eV in molecule ion and ion F5, respectively
(Figure 4).

We quote Clark:17 “The above results not only suggest that
suprafacial 1,3-hydrogen shifts in olefin radical cations
should be facile processes but also hint at a general willing-
ness of radical cations to undergo sigmatropic rearrangements
that would be difficult in the neutral parent molecules”. For
the moment, we think, we demonstrate enough proofs and
examples of accessibility of rearrangement processes in posi-
tively charged species. An explanation of an “asymmetric
dissociation of the energized, structurally symmetric interme-
diate” (we quote McAdoo)4 can be made in two ways without
suggesting the existence of “non-ergodic” processes. First, all
possible isomers [C3H6O]+• should be considered (and not
only [CH3COCH3]+• and its enol form [CH2=C(OH)CH3]+•)
as possible precursors for CH3 loss. Second, non-equivalence
of CH3 groups lost could be explained by fragmentation of the
ionized enol form (consistent with data in Reference 18)
(Figure 5).

In our Account1 we did not reject completely the involve-
ment of isolated states or participation of processes with
high-energy demands. Thus, we mentioned1 that in our expe-
rience a small proportion of ions (1% or less) could be
involved in highly energetical processes. This could be prob-
ably referred to some (but not all) metastables whose behav-
iour is the main source of data on high values of critical
energies for reverse processes. Hence we propose to Profes-
sor McAdoo to come to a consensus that 99% of the
processes taking place in both ion source and field free
regions behave in an “ergodic” manner, whereas the behav-
iour of the rest is governed, possibly, by other driving forces.
Returning to β-diketones (see above), we remind the reader
that the structure of p-XC6H4C(OH)=CHC≡O+ was estab-
l ished for [M–CF3]+ ions orig inating from p-
XC6H4COCH2COCF3 molecules (X = H, CH3, Br, F) at low
energies. But defocusing of metastable ions at 70 eV ionizing
energy gave a linear correlation for the Im*/IM+• ratio and %Σ
[M–CF3]+ (X = H, CH3, C(CH3)3, F, Br and OCH3). This
indicates the common structure of those molecule ions which
lose CF3 in the field-free region, and since for X = OCH3 the
structure CH3OC6H4COCH2C≡O+ was proved (see above),
the diketo-form should be attributed to the whole series. The
latter structure for [M–CF3]+ ions formed in the field-free
region is further supported by observation of the linear corre-
lation of Im2

∗  ⁄  I3[M−CF]
+ ratio and %Σ [M–CF3–CH2=C=O]+ for all

X except N(CH3)2.2
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