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Editorial

“What! Another mass spectroscopic Journal” some readethe range of compounds that can be subjected to mass spec-
will say. Yes it is. And here is the reason why. It is felt thatrometric investigation. Much of the work involves analysis of
there is a place for a journal of independent spirit, born in aompounds sometimes with little attention, unfortunately,
mature cultural tradition, and that is just wRatopean Mass  being paid to the physics/chemistry of the underlying proc-
Spectrometry (EMS} going to provide. The unique cigani- esses. While all such papers are of considerable practical
sation of the Journal will ensure, through its Managing Boardmportance some may contribute less to the understanding of
close contact between the Publisher and the authors anthss spectrometric processes. Second, the number of workers
readers. Although European in conception, its aim is to pubin the field has expanded enormously—to such an extent that
lish original and important papers from every continent. Aitis no longer easy to keep abreast of what other workers are
glance at the membership of the Managing Board, the Editaloing, except in fields closely related to one’'s own. This
rial Advisory Board and at the authors of the papers will shownakes the literature of extreme importance. Significantly,
the international nature of the Journal. where there is not a difference between 1968 and 1995 is in

The present time is redolent of the heady days of the wintéhe need for the recognition of mass spectrometry as a schol-
of 1968 when the first mass spectrometric journal wasrly pursuit of high repute. Multi-disciplinary fields in all
launched. As Editor-in-Chief, along with an enthusiastic bandreas of science pose a special challenge of maintaining
of Regional Editors and of members of the Editorial Advisorystandards. To adapt the old adage a mass spectrometrist could
Board, | was responsible for guiding the Journal for the firsbe said to “talk chemistry to physicists and physics to chem-
22 years. On relinquishing the post, | was given the title ofsts”. While amusing, this contains more than a grain of truth.
Founder Editor-in-Chief and so continued my associatioMeeting this challenge of maintaining an objective evaluation
with the Journal. The years were happy ones, though nof material submitted will be the primary object of the editorial
without stress at times. Journal publishing is strongly quarteam. And | am confident, knowing the people involved, that
tised. There are only two states—insufficient papers to fill at will be met.
respectable issue or so many as to entail a backlog. European Mass Spectrometinas assembled a group of

What are the differences between 1968 and 19957 In nmiyditors and an Editorial Advisory Board all members of which
first Editorial | commented upon the then state-of-the-arthave had wide experience in editing and advising. The team
Organic mass spectrometry reached maturity when the wells enthusiastic and hard working which bodes well for the
established concepts of mechanistic physical organic chemisuccess ofthe Journal. We have a publisher who is sympathetic
try were applied to the interpretation of fragmentationto the needs of the mass spectrometric community and who is
behaviour under electron impact. In addition, at that timeforward looking. So all is set fair for the succesEBIS But
“one of the very attractive features of the field of mass spedn the long run this success depends on you, the authors and
trometry ... was the camaraderie that existed between workamaders of the journal.
in the field”. The situation has now changed. In the first place
the development of new ionization techniques such as neu- Allan Maccoll
tralization—reionization multi-sector experiments, fast atom Chairman, Managing Board
bombardment, electrospray and so on has radically extended

© IM Publications 1995
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Jnsatu

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

Silvia Dohmeier-Fischer, Nicolai Kramer and Hans-Friedrich Griitzmacher*

Lehrstuhl | fir Organische Chemie, Fakultat fir Chemie der Universitat Bielefeld, PO Box 10 01 31, D-33501 Bielefeld, Germany.

The fragmentation of 1-phenylhex-5-ene-1-ond was studied by mass analyzed ion kinetic energy spectrometry of its
deuterium and *carbon 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 ffiearbon 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 atems 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, 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 iorleading to the
formation of an ionized ethyl-a-dihydronaphthol d. This ion is stabilized by loss of an ethyl radical resulting in protonated
a-naphthol e.

and the conditions essential for an intercession of these com-
, ) . plexes in the course of unimolecular fragmentations of gase-
The fragmentation of radical cations of carbonyl com

tor of a h ; e “ous ions have been discussed thorougltyhas also been
pounds by transfer of a hydrogen atom rormy pesition t'o shown that similar intramolecular reactions can be observed
the carbonyl-O and cleavage of th@-bond, i.e. theMcLai-

Jin molecular clusters after photoionizatiohhe mobility of

is one of the m reliable and-usefui o .
ferty rearrangemer,i‘t S One o t.e ost re gbe andt ti?e components within low energy ion/neutral complexes
mass spectrometric fragmentation mechanisms for structural.” . . . :

. . . . arising from unimolecular fragmentations of metastable ions
analysis of organic compounds. The mechanism of this fra

mentation has been studied much in détaitd it has been q‘;’ ap.parently quitt_a large. A!though T“OSt of the mass spectro-
shown that typically the fragmentation occurs by at least twﬁ‘etr'c fragmentatlpns medlated_by |on{neutral complexe; are
reaction steps, the transfer of thdydrogen atom to the _ydrogen abstractions by aleavmg.radlcal next to.the point of
carbonyl oxygen resulting in rdistonic ion and the’ sub- initial bond cleavagethe observation of Longevialle and

sequentbond cleavage to an enol and an alkene with the chafigvorkers® as well as examples reported by Audieal,”
residing at the product of lowest ionization energy. The forKUck et al! and by our groupclearly demonstrate long--
mation of an intermediatgdistonic ion during the process fange interactions by rotations of the components within
provides a rationale for the apparent loss of site specifity d€ ion/neutral complex. These results prove that the ion
the hydrogen atom transferred in long-lived radical cation§xPlores distant regions of the neutral component for
fragmenting as metastable ions in the mass spectrometer. €nergetically favourable reactions.

In 1980 Longevialle and Botfedescribed the fragmenta- ~ The bond breaking step of tlyadistonic ion during the
tion of molecular ions of amino steroids via a complex of théVicLafferty rearrangement of a ketone molecular ion may
ionized and neutral fragment resulting from the mass spectréesult in an ion/neutral complex consisting of an enol and an
metric bond cleavages. In the mean time there is overwhelrmlkene with the charge residing on the component with the
ing experimental evidentdor fragmentations via lowest ionization energy. Fast bimolecular addition reactions
intermediate ion/neutral complexes in particular of long-livedare observed between the radical cations of enol ethers and
and low energy ions studied by metastable ion technijuesalkenes® Thus, an “internal return” of the components of the

Introduction

© IM Publications 1995, ISSN 1356-1049




4 Rearrangement by Intermediate lon/Neutral Complexes during the McLafferty Fragmentation of Unsaturated Ketones

intermediate ion/neutral complex of a McLafferty rearrange:
mentyielding the origingkdistonic ion as well as a rearranged
newy-distonic ion is feasible. Following our first repdmf

an internal return of intermediate enol radical cation/alken
complexes the role of intermediate ion/neutral complexe
generated by the McLafferty rearrangement has been co

o+
~
1 Ps
firmed'® and has been examined in detail by theoretical an o+ O+
T
O+-
3
O+-
4

O+

%/

experimental methods!” Although these studies clearly
show that ionized enols add to alkenes forngidgstonic ions

or even ionized cyclobutanédlghe rearrangement of ketone
molecular ions by a formal 1,2-enol shift can also be describe
by conventional mechanisnfslt is therefore of interest to

look for examples where the enol shift has to occur over large
molecular distances. Candidates for this typén§-range
rearrangement are molecular ions of unsaturated carbon

compounds which fragment to an ionized enol and a dien
(Scheme 1). Internal return of the corresponding ion/neutr:
complex may occur by reaction at the distant carbon doubl

bond giving rise to a rearranggdistonic ion. After a prelimi- P ~
nary inspection of some unsaturated ketones and esters [ | D™ D
chose 1-phenylhex-5-ene-1-orB &s a model compound. 1d

There is only one aliphatic chain involved in the McLafferty

rearrangement of the molecular ions of this aromatic ketongructures.

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 wéSing @ Bruker AM 300 instruméfand CDCl as solvent.

included the double bond isomé8 and4 in this study. The All compounds were purified by distillation or column chro-
course of the fragmentations of the molecular ionswhs ~ Matography on silica gel (KG 60; 0.063-0.200 mm) with a
observed by labelling witiC and D and by using metastable mixture of petroleum ether/ethyl acetate (20 : 1) as eluents.
ion techniques. The results show that the molecular iohs of
fragment indeed after deep-sited rearrangements including an
interchange of internal and terminal carbon atoms of th&ompounds
pentenyl side chain. 1-Phenylhex-5-ene-1-or@) was prepared by Grignard
reaction of phenylmagnesium bromide with hex-5-enoic acid
. chioride in the presence of 3 mol% Fe(lll)-acetyl-acetofiate.
Experimental IH NMR (CDCE): 8= 1.83 (2H, quint3J = 7 Hz, CH), 2.15
The El mass spectra were obtained by a Finnigan MAT2H, q.,%) = 7 Hz, CH), 2.99 (2H, t.3J = 7 Hz, CH)), 5.01
CH5 D double focussing mass spectrontétesing 70 eV (2H, m., G4,=CH), 5.68 (1H, m., Ckt CH), 7.43 (2H, m.,
electron energy, accelerating voltage 3 kV and a heated batakom. H), 7.53 (1H, m., arom. H), 7.94 (2H, m., arom.H). MS
inlet system. The structures of compounds synthesized &30 eV) see Table 1.
described below were confirmed By NMR spectrometry

+ H X + X +
OH - OH \
M \n )‘\/{/ \" /lk i =/X
R R R CH,

1b

CD,
1c

|
% *
4

X = Spacer, i. e. —(—CH2 _}F

Scheme 1.
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1-Phenylhex-2-ene-1-or@) was obtained by aldol con- so that the main beam of ions was attenuated to 50%. The CID
densation of acetophenone and bufdndd NMR (CDCEk): product ions were recorded by scanning the voltage across the
8=0.98 (3H, t.33 =7 Hz, CH), 1.57 (2H, sext3J =7 Hz, electrostatic analyzer following the collision cell.
CH,), 2.30 (2H, dg3J = 7 Hz;)J = 1 Hz, CH)), 6.89 (1H, dt.,
%) =15Hz% =1 Hz, CO-8=CH-CH,), 7.06 (1H, dt.3J = . .
15 Hz,3) = 7 Hz, CO—-CH=B-CH,), 7.44-7.59 (3H, m., Results and discussion
arom. H), 7.93 (2H, m., arom. H). MS (70 eV) see Table 1. © The 70 eV El mass spectra of the phenylketdrdsare
1-Phenylhex-3-ene-1-or{8) was synthesized by Grignard shown in Table 1. As expected the signal of the benzoyl ions,
reaction of phenylmagnesium bromide with hex-3-enoic acian/z105, is always the base peak in the mass spectra, and the
chloride in the presence of 3 mol% Fe(lll)-acetylacetonatedecomposition of metastable ions show that the benzoyl ions
CH,Cl, was used for chromatography in this caseNMR are formed byx-cleavage of the molecular ions as well as by
(CDCly): 6=0.99 (2H, t.2J=7 Hz, CH), 2.08 (2H, m., methyl loss from the McLafferty product ions rafz 120.
CH,CH=CH), 3.70 (2H, m., B,—CO), 5.67 (2H, m., Besides the signals of this McLafferty product ioriz 120,
CH=CH), 7.44-7.57 (3H, m., arom. H), 7.97 (2H, m. arom.and the molecular ionsn/z 174, the mass spectra exhibit
H). MS (70 eV) see Table 1. distinct peaks of fragment ioms/z159 andm/z 145 arising
1-Phenylhex-4-ene-1-ongl) was prepared by heating from losses of methyl and ethyl radicals, respectively, from
methylvinylcarbinyl benzoylacetate for three hours atthe molecular ions. The formation of the McLafferty product
240°C%*H NMR (CDCL): 5 =1.65 (3H, m., Ch), 2.43 (2H, ions from2 and3 entails H migration and double bond shifts
m., CH—~CH=CH),3.04 (2H, t3) = 7 Hz G4—C0), 5.51 (2H, along the pentenyl side chain of the ketone. Similarly, the
m., CH=CH), 7.44-7.59 (3H, m., arom. H), 7.97 (2H, m., elimination of an ethyl radical frorhand4 is only possible

arom. H). MS (70 eV) see Table 1. after rearrangements. The different relative abundances of
these fragment ions, however, can be easily correlated with
Labelled compounds the fragmentation abilities of the original structures of the

1-Pentadeuterophenylhex-5-ene-1-cf@ was obtained compounds. Thus, the rates of rearrangement by H migration
y and by fragmentation are similar for the molecular ions de-

analogously td but by using pentadeuterophenylmagnesium

bromide. %6D-content >96% (B NMR). Cogg?nSIr(]a%tligrzhk?elt?/\?ezonurrgaer.ran ement and fragmentation is
6-°C-1-phenylhex-5-ene-1-oifkb) was synthesized by a b 9 9

Wittig reaction of 2-phenyl-2-(4-oxobutyl)-1,3-dioxolane and corroborated by the MIKE spectrabf4listed in Table 2. For

13C-methylphosphonium iodide in THF using NaH as a basconvenience the relative intensities were normalized to the

Mol% *C (by mass spectrometry): >908G,.
6-Dideutero-1-phenylhex-5-ene-1-ofik) was prepared Table 1. 70 eV mass spectra, characteristic signals of com-
analogously tdb but by using trideuteromethylphosphonium pounds 1 to 4, relative intensities (%).

:jc():mde. Mol% D (by mass spectrometry): 428648% d, 15% Compounds 1 ) 3 4

2-Dideutero-1-phenylhex-5-ene-1-off) was obtained |m* m/z174 17 28 16 11
by exchanging the acidic H atoms next to the carbonyl group ..
of 1 by treatment ol three times with excess;®/NaOD in M2 m/z172 — 10 ! —
THF. Mol% D (by mass spectrometry): 89% d0.5% d M*-15 |m/z159 1 5 5 3
0.5% d. .

MIKE spectra of the parent and fragment ions were meas 1’ m/z157 — 19 15 2
ured by a Fisons VG ZAB 2F double focussing mass spe¢M™-29 |m/z145 2 10 7 5
tromete?* using 70 eV electron energy, electron trap current .
100uA, 6 kV accelerating voltage and introduction of the M43 |miz131 ! 6 4 4
samples by a home-made direct inlet system at ambient tepm*—54  |m/z120 48 7 1 8
peratures. The ions studied were focussed magnetically into,.
the second field free region (2nd FFR) of the instrument a ufM 69 |m/z105 100 100 100 100
the ions arising in the 2nd FFR by unimolecular fragmentam*-77  |m/z77 46 51 36 33

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 Instruntensity of ionan/z 105. The formation of this iom/z 105
ment and/or by a Fisons AutoSpec mass spectrotheteler by a-cleavage is not influenced much by the specific structure
the usual conditions. The ions studied were focussed magneti the pentenyl chain. Therefore, a normalization of the other
cally into the field free region following the magnetic sectorfragment ion intensities to the ian/z105 intensity reflects
and were activated by collisions with Ar in the collision cellclearly structural effects on the other fragmentation reactions.
of that region. The pressure of the collision gas was adjustadfith the exception od the MIKE spectra display a prominent
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peak of the McLafferty product ion at/z 120 of similar  Table 3. MIKE spectra of the metastable molecular ions of the
intensity. Further, the relative abundances of therioizd45 ~ ketones 1a-le [relative to (m/z 105) peak intensities, %].

formed by ethyl loss have !ncreased considerably compared m/z 1a 1b 1c 1d 1e
to the El mass spectra proving that the loss of the ethyl radigat
from the molecular ions needs less energy than the McLafferty 105 100 100 100 100
rgarrangement. Both fragmentatlons require hydrogen migra- ; 100
tions prior to decomposition and are expected to be morge
advanced in metastable ions but the distinct differences in tihe 120 39 52 28 14
MIKE spec.tra ofl4 ;how that an equilibrium mixture ofion | ,,; 31 18
structures is not achieved.
To detect fragmentations of the molecular ionsl dfy 122 9
intermediate ion/neutral complexes the MIKE spectra of the ;.5 5
labelled 1-phenylhex-5-ene-1-oriss-1dwere analyzed (Ta-
131 3 4 6 1
Table 2. MIKE spectra of the compounds 1-4, relative peak 132 3 3 4 4
i iti 0,
intensities (%). 133 10 12 6 4
1 Tso® 2 Tso 3 Tso 4 Tso 134 9 6
m/z173 108+4 2049 959 19t1 135 1
m/z159 6+3 3245 18t4 51 136 6
m/z156 3+2 — — 2+1 | 50 138 11
m/z145 42+¢3 | 65| 156+5 | 61 | 12017 | 33| 32+3 | 50 145 42 17 15 15
m/z133 10£3 ot1 5£2 — 146 17 17 10
m/z132 3+1 91 42 — 147 7 8
m/z131 3+1 91 6+3 3 |1 150 34
m/z120 30+6 | 49| 58+#3 | 57| 335 [35| 41 |— 156 3
m/z105 | 100#3 | 51|100+17| 32| 100:16 |29 | 10Q:7 | 19 157 2 !
Kinetic energy release (meV) determined at 50% peak height. 158 3
159 6 3 5 1
ble 3). In the MIKE spectrum of the pentadeuteropheriyj 160 3 3
derivativelaall peaks are clearly shifted by five mass uniis 161 5
Thus, the hydrogen atoms at the aromatic ring are not involved
in the rearrangements and fragmentations. However, in the 164 9
case of the derivativdsandld deuterated specifically at the 173 108
pentenyl chain the MIKE spectra expose the expected H/D=
migrations within the aliphatic moiety. In view of these hy-| 174 151
drogen migrations the MIKE spectrum of tR€-labelled 175 132 132
compoundlb is of special interest and more easy to analyze-
This spectrum shows complete loss of ‘telabel for ions 177 25
m/z105,m/z 120 andm/z 133 as expected for-cleavage at 178 24

the carbonyl group, McLafferty rearrangement and allyli

bond cleavage, respectively. Unexpectedly, however, the

peaks due to loss of a methyl radical and an ethyl radical

originally atm/z159 andn/z145 are split 1 : 1 into peaks at

m/z159/160 and an/z145/146. Obviously th&C atom has stability of both rearrangement products the strong competi-

migrated from its terminal position into an inner position oftion by the loss of an ethyl radical from metastable molecular

the pentenyl chain. For a perception of this rearrangement thens of1 is only possible if a stable ian/z145 is formed. It

structure of the [M—@Hs]* must be known. is known that thg-distonic ion generated in the first step of a
In view of the energetically favourable transfer of an allylicMcLafferty rearrangement may rearrange further by a cycli-

hydrogen atom in the McLafferty rearrangememntd the zation step. A cyclization of the phenyl substitugetistonic
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ion a (Scheme 2) derived from the molecular ibrio an
ionized cyclobutanédtb can be excluded because the expecte:
fragmentatiof*® of b into ions m/z 146 is not observed.
However, it has been suggested that the molecularions of alk

phenyl ketones and of 1-tetralol intercontfevia they-dis- %
tonic ion?®® The cyclization of the phenyl substitutedlis- on OH
tonic ions by attack of the phenyl group is followed by g
elimination of HO. Indeed, the MIKE spectrum dexhibits Q)W\ =
asmall peak ah/z156 due to loss of #D. However, hydrogen s
rearrangements either before or after the cyclization of th

y-distonic iona (Scheme 2) result eventually in an ionized l
ethyl-a-dihydronaphthold which eliminates the ethy! side

chain to form the very stable protonatehaphthole, m/z ©/

145. 1t is significant that the ions [M-ds]* are particularly

abundant in the MIKE spectra®and3 yieldinga,B-unsatu-

rated enol iong (Scheme 2) prepared for the cyclization by

less hydrogen migration steps from the respective meleculi

ions tharl. Protonatedi-naphtholeis the most stable ian/z

145 which can be generated framand the formation of very Cats
stable ions by rearrangements is typical of the fragmentatior
of metastable ions.

To prove the structure of the [MA&:]* the CA spectra of
this ion generated frothand of authentic protonated naphthol
are compared in Figure 1. The CA spectrum of the [M5C
ions exhibits a better resolution owing to an increased tot:
intensity, but otherwise both spectra are identical within th miz 145
limits of error showing abundant losses gfcHmM/z127), of
CO (M/z117) and HCO (M/z 115). Clearly, protonated-
naphthole, m/z145, is eventually formed from tlyedistonic

ion a by the route depicted in Scheme 2. Consequently, the
result of the™*C labelling showing an 1 : 1 loss ofkg and
13CCH; from metastable iongb proves unequivocally an
exchange of the atoms C(3)-C(6) of the pentenyl group in the
y-distonic iona. Definitely no®*C incorporation is observed
for the McLafferty productiom/z120, so the termin&C(6)
atom oflb must have exchanged either with C(3) or C{4) t
yield the statistical label distribution. This is convincingly

explained only by an internal return of an intermediate
ion/neutral complex (Scheme 3) consisting of the enol radi-
cal cation of acetophenone and butadiene, the produicts of the
McLafferty rearrangement shown in Scheme 3. Obvicusiy,
those ion/neutral complexédecomposing slowly because of

a small internal energy prefer the internal return toytiis-

tonic ionaand 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 complexist 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 |nt_ermed|ates of unimolecular fragmentations of metas- e e 70 80 90 00 110 130 180 140
table ions. iz

A MNDO calculation of the enthalpies of the competlngFIgUIre 1. (a) CA spectrum of the [M-C,H]" ion (m/z 145)
reactions shows that the formation of protonated napkthol generated from 1. (b) CA spectrum of m/z 145 generated
by loss of an ethyl radical frothneeds indeed distinctly less from protonated a-Naphthol.

A N
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Table 4. Enthalpies of formation (kJ mol™).

+
OH OH
" S O/L(;Hz j AHP AH;
D +
1b 7 1 896
f Butadiene 119
“ Ethyl radical 11%
a-naphthol/H 698 623
+ Acetophenone enbl 779 73¢
OH
. % Distonic iona 796
- - CH N
+ / Radical catiorc 728
Calculated by MNDO,"experimentaf,8 ‘estimated by isodesmic reac-
tions and’experimentaf”
.o 13CH2

Scheme 3.

energy than the McLafferty rearrangement (Scheme 4). Th&gnificantly lower. However, theelative AH; are expected to
calculatedAH; of relevant distonic ions, ¢, protonated! be more reliable and more practical for a discussion of com-
naphthole and acetophenone enol radical cation are listed ipeting reactions. The difference between the reactions enthal-
Table 4. For the latter ioAH; is available from experi- pies of the McLafferty and of the loss of an ethyl radical from
ments?’2 andAH; (Naphthol/H) can be estimated from the molecular ions ofl is 101 kJ mat by the experimental data
experimental proton affinity of phenol via isodesmic reac-and 74 kJ mol by calculation in favor of the ethyl loss. Even
tions. In both cases the experimentally baSddvalues are  taking into account an electrostatic stabilization energy of 40

{\
+-
... 8% on
’ 8 889
+
\\ [}
l‘ \‘ l‘
\ 1 .-
\\ \\ II . OH
1
Y ! 849
\ \ | —— +
\ [ ]
\‘ \ 1y
‘\ ‘\\ / ’
Voo // 815
\ \ )
\ \ ) + .
e \ \ 1] + CH4CH,
\ \Cmar V]
n \‘ ‘\__I___/_O__j !
e \ ?H !
.
r 3 X
g !
\ '
\ /
\ M
!
\ 728 1
/ -
+

Scheme 4. MNDO calculated enthalpies of reaction (kJ mol™). *The energy of the complex is calculated
by the Average Dipole Orientation theory, assuming a distance of 3.5 A.
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kJ mot?! of the intermediate ion/neutral complex (calculatedandd with insufficient internal energy to decompose by the
by the ADO potential for a distance of 3.5 A between centelMcLafferty reaction but still with enough energy to fragment
of the acetophenone enol radical ion and the butadiene) thy loss of an ethyl radical. This picture gets even more
loss of ethyl and formation of protonated naphtifobm the  complicated if the results from the MIKE spectrum (Table 3)
ion/neutral complex is still exothermic. Furthermore, the disof 1d deuterated at C(2) im-position of the carbonyl group
tonic iona, which is the first intermediate of the McLafferty areincluded. Againthe loss of the ethyl radical is accompanied
rearrangement, is clearly more stable than the molecular idyy extensive H/D exchanges as in the cade,oh agreement
of 1, and the McLafferty reaction products. This latter situ-with H/D migrations in intermediatesand/ord. However,
ation favors an internal return of intermediate ion/neutrathis time H/D exchanges precede also the McLafferty rear-
complexes of low internal energy. Finally, the MNDO calcu-rangement although the H atoms at C(2) are not involved in
lation reveals that a rearrangement of the distoniatorthe  this process and other H/D migrations within the ionsdbf
radical catiorc by hydrogen migrations is distinctly exother- decomposing by the McLafferty reaction are in conflict with
mic. lonc is the key intermediate for the formation of thethe results fronilc. This dissension can be settled only by
protonated naphthat via a cyclization ofc to a dihydro-  analyzing derivative specifically deuterated at all different
naphthalene structure. Thus, the MNDO calculation corrobapositions of the pentenyl group and in addition by the “in-
rates the fragmentation mechanism depicted in Scheme 2 aversely” deuterated derivatives, because the results obtained
the transposition of the pentenyl side chain by an interndlere can be untangled only by assuming a strong influence of
return within an intermediate complex of the ionized acetoH/D isotope effects on the H/D exchange processes. Thus it
phenone enol and neutral 1,3-butadiene. appears, that the 1-phenylhexene-1-dhetare further ex-
The interpretation of the results of the D-labelling experi-amples of the complex rearrangements observed in ketone
ments is more elaborate. As mentioned before the H(D) atonfiddical cations.
at the aromatic ring do not exchange with H(D) atoms) of the
pentenyl moiety. This means that the cyclization step to the
intermediate ionsl is very likely irreversible and that H(D) Conclusion

migrations to generate the ethyl group eventually eliminated The analysis of the El mass spectra and MIKE spectra of
have to occur ira or ¢ before cyclization. Otherwise H(D) 1-phenylhexene-1-onk of its isomer2—4, and of the deu-
atoms of the phenyl group should appear in the ethyl radicglrated derivativeda 1c and1d show clearly extensive H
because in the H(D) atoms at the phenyl group are expecteghigrations within the pentenyl groppior to a decomposition

to take part in the hydrogen shifts. This is not Obs‘?r"edoya-cleavage forming a benzoyl ion, by a McLafferty rear-
however. The MIKE spectrum dtdeuterated at the terminal rangement, and by loss of an ethyl radical. The extent of H/D
C(6) (Table 3) shows the formation of the nondeuterated andigration observed during the McLafferty rearrangement and
monodeuterated McLafferty production&z120 andn/z121  the ethyl elimination differ distinctly proving irreversible
in a ratio of 1: 1.1 but no dideuterated iom®z 122. This  pranching between the two reaction channels. The loss of the
establishes clearly a reversible formation ofytaestonic ion ' ethy radical corresponds to the energetically very favourable
a by a sequence of 1,5- and 1,7-H(D) shifts equilibrating th@ormation of a protonateal-naphthol predominating particu-
CH, groups at C(4) and the terminal C(6) by the delocalizedrly in the MIKE spectra o2 and3. An irreversible cycliza-
allylic radical site ofa. In contrast to this regiospecific tion by attack of the pentenyl side chain on the phenyl group
H/D-exchange the loss of the ethyl radical is accompaniegf the enol radical cations arising froma by hydrogen

by more extensive H/D-exchanges. The most simple mechaigrations within the pentenyl group is proposed as the key
nism to generate a terminal ethyl groupspacificmigration: = step for this process.

of one H atom from each of the C atomsirand-position Even more important, however, is the observation from the
to the carbonyl-C atom of thedistonic iona to the terminal  MIKE spectrum of the*C labelled derivativelb proving
vinyl group without any H/D-exchange. In this case the H/D-unambiguously a specific skeletal rearrangement of the pen-
scrambling between C(4) and C(6) discussed before and thenyl side chain of the 1-phenylhexene-1-one radical cation
additional scrambling by internal return within the ion/neutralpreceding the ethyl loss. In line with earlier observations of
complexf (Scheme 3) would resultin the loss gfi¢ GH.D  intermediate ion/neutral compleXésduring the McLafferty

and GH;D- in the ratio 5% : 47.5% : 47.5%. This is obviously rearrangement the obvious explanation for this skeletal reor-
not the case. Instead, the ratio 18% : 44% : 38% observed fganization is an internal return within the ion/neutral complex
the loss of GHs, C,H,D and GH3D; indicates much more H/D  formed by the McLafferty products df, the enol radical
scrambling although the ratio 16.7% : 55.5% : 27.8% calcueation of acetophenone and 1,3-butadiene. In this complex
lated for a statistical distribution of the two D in the pentenylattack of the radical cation to restoreytistonic ionaoccurs
group is not reachggtior to decomposition. These excessiveequally at both double bonds of the 1,3-butadiene leading
H/D-exchanges have to take place in intermediates followingventually to an equilibration between C(3) and the terminal
the formation of they-distonic iona and the ion/neutral C(6) of the hexenon&. Rearrangement of the equilibrated
complexf to account for the specific H/D exchange during they-distonic iona into the more stable ionand cyclization of
McLafferty rearrangement dfc. Likely candidates are ioms  this ion eventually give rise to the observed 1 : 1 loss of ethyl
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and®*C-ethyl from1b. Thus, the fragmentations of the radical 14. M. Masur, A. Sprafke and H.-F. Griitzmach@rg.
cations derived from 1-phenylhexene-1-ones are a further

example of the Longevialle—Botter mechanisms including ans.

intermediate ion/neutral complex with freely rotating compo-
nents.
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Positive-ion fast atom bombardment tandem mass spectrometry for
characterization of sulfated unsaturated disaccharides from heparin
and heparan sulfate

Tadashi li,2 Masayuki Kubota,? Satoshi- Okuda,® Takashi Hirano® and Mamoru Ohashi®”

®Research and Development Laboratories, Soda Aromatic Co., Ltd, Noda-shi, Chiba 270-02, Japan.
®Department of Applied Physics and Chemistry, The University of Electro-Communications, Chofu, Tokyo 182, Japan.
°School of Agricultural Science, Nageya University, Chikusa-ku, Nagoya 464-01, Japan.

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 Experimental

Fast atom bombardment mass spectrometry (FABMS) is The unsaturated disaccharides investigated [2-
now a well-established method for the analysis of large anacetamido-2-deoxy-©-(B-b-gluco-4-enepyranosyluronic
polar molecules, including glycoconjugatésRecently the acid)D-glucose AUA(L - 4)GIcNAc), 2-acetamido-2-deoxy-
tandem mass spectrometry (MS/MS) technique has alsbO-(B-D-gluco-4-enepyranosyluronic acid)&@sulfo-dD-glu-
proven to be very useful in the structural analyses of glycocose QUA(1- 4)GIcNAC6S), 2-acetamido-2-deoxy-4-
conjugates, providing information on sugar sequences arfd-(2-O-sulfo-B-p-gluco-4-enepyranosyluronic acid)-
linkage positions. glucose AUA2S(1- 4)GIcNACc), 2-acetamido-2-deoxy-@-

Because of the acidic nature of sulfated saccharides, tl{2-O-sulfo3-D-gluco-4-enepyranosyluronic acid)®-
negative-ion FABMS has been widely used in the structuraulfo-n-glucose AUA2S(1- 4)GIcNAC6S), 2-amino-2-de-
studies of these compourntd§ However, several papers deal- oxy-4-0-(2-O-sulfo3-p-gluco-4-enepyranosyluronic acid)-
ing with the analysis of sulfated oligosaccharides by pesitive6-O-sulfoD-glucose AUA(1-4)GIcN6S), 2-amino-2-
ion FABMS have been publisheéi?It has been reported that ' deoxy-40-(2-O-sulfo$3-p-gluco-4-enepyranosyluronic acid)-
in positive-ion FABMS, CID (collision-induced dissociation)- b-glucose AUA2S(1- 4)GIcN), 2-amino-2-deoxy-O-(2-
MS/MS of lithiated disaccharide gave useful information onO-sulfo-3-b-gluco-4-enepyranosyluronic acid)@-sulfobd-
the differentiation of the linkage position in the five isomericglucose AUA2S(1- 4)GIcN6S), 2-deoxy-2- sulfamino-@-
sugars? Previously, we have successfully used CID-MS/MS(B-d-gluco-4-enepyranosyluronic acigyglucose AUA
in the positive-ion as well as the negative-ion modes fo(1-4)GIcNS), 2-deoxy-2-sulfamino-@-(3-p-gluco-4-
characterization of non-, mono-, di- and trisulfated disacchaenepyranosyluronic acid)-®-sulfo-D-glucose AUA (1 - 4)
rides from chondroitin sulfate (CS), dermatan sulfate (DS) an@IcNS6S), 2-deoxy-2-sulfamino-@-(2-O-sulfo3-p-gluco-
hyaluronan (HA), having (2 3)-glycosidic bond$? 4-enepyranosyluronic acidrglucose AUA2S (1-4)

In a proceeding paper, we have shown that the negative-i@slcNS), 2-deoxy- 2-sulfamino-@-(2-O-sulfo3-D-gluco-
FAB CID-MS/MS was very useful in the characterization of4-enepyranosyluronic acid)-®-sulfo-bD-glucose AUA2S
unsaturated disaccharide from heparin (Hep) and hepardh-4)GIcNS6S)], are listed in Table 1. All compounds (so-
sulfate (HS)2 Here we report the characterization of a serieslium salts) were obtained from Sigma Chemical Co. (USA)
of non-, mono-, di- and trisulfated unsaturated disaccharideend used without further purification.
from Hep and HS and thrékdesulfated derivatives based on  Mass spectra were recorded on a Finnigan MAT TSQ 700
the positive-ion FAB CID-MS/MS. triple stage quadrulpole mass spectrometer equipped with an

© IM Publications 1995, ISSN 1356-1049
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Table 1. Compounds investigated.

Compound RMM R R? R?

Unsaturated disaccharides from heparin/heparan sulfate

a) GIcNAc-containing disaccharide

AUA(]. —>4)G|CNAC 379 Ac H H

AUA(1 - 4)GIcNACc6S 459 Ac SO;H H

AUA2S(1- 4)GIcNAc 459 Ac H SO;H COOH CH,OR2
AUA2S(1- 4)GIcNAC6S 539 Ac SOH SOH | o o

b) GIcNS-containing disaccharide /OH O OH OH
AUA(l —>4)G|CNS 417 SO;H H H

AUA(1 - 4)GIcNS6S 497 SO;H SO;H H OR3 NHRL
AUA2S(1-4)GIcNS 497 SO;H H SOH

AUA2S(1-4)GIcNS6S 577 SOH SO:H SOH

c) GlcN-containing disaccharide derivative

AUA(1 - 4)GIcN6S 417 H SO:H H

AUA2S(1-4)GIcN 417 H H SOH

AUA2S(1-4)GIcN6S 497 H SOH SOH

*RMM represents the relative molecular mass of the free acid.

lon Tech FAB gun. A xenon beam with an energy of 8 keMwvhich may be caused by an amphoteric electrolyte of the
was used. About ajll aliquot of an aqueous sample solution GlcN-containing disaccharidés.
(c. 1.0 mg in 5Qu1l) was mixed with Jul of glycerol or The losses of sodium sulfite with hydrogen transfer (i.e.
thioglycerol as the matrices and then placed on the FAB target.NaSQ, + H ), resulting in intense peaks down 102 units
CID-MS/MS spectra were taken using argon as the collisiofrom the molecule related ions for di- and trisulfated unsatu-
gas at typically 1.0 mTorr to reduce the beam of parent/ionsmted disaccharides were also commonly observed (Table
by approximately 30%. Collision energies were used at 30 €\2).551%13This elimination for GIcNS-containing disaccharides
At least 10 scans were averaged to obtain each MS/MBas more pronounced than that for GIcNAc- and GlcN-con-
spectrum. taining disaccharides. In the positive-ion FABMS of GIcNAc-
containing disaccharides, the fragment ions produced by the
eifimination of ACNHCHCHOMH, derived by the cleavage of
GIcNAc residue at the reducing end, as found in the negative
ion mode'? were not observed.

These results show that it is impossible to distinguish

. . . between the disaccharides obtained from Hep/HS and those
As summarized in Table 2, the positive-ion FAB spectrg P

from CS/DS, and to distinguish between the positional iso-
qur:g;s@(;JA%gfc)ﬁlAchAA% Xginoﬁéﬁ‘éh_;zﬁf('\]fci? mers of the mono- or disulfated derivatives from these posi-
GICNGS - dAUAZé 1.4 GT N). di A’UAZS 1_’4 tive-ion FABMS. However, CID-MS/MS turned out to be
Glc an (1-4)GIcN), di-( ( l_’ ) quite useful for differentiation of these isomers from each

cNAcGS,AUA(lq4)G1cNSGS,AUAZS(1_,4)G ctNS  iher.

andAUA2S(1-4)GIcN6S) and trisulfated NUA2S
(1- 4) GIcNS6S) unsaturated disaccharides exhibited un- o
ambiguously the peaks of molecule related ions, [M % H] ¢'P-MS/MS spectra of the positive-ion FAB of
and/or [M —nH + (n + 1)NaJ (wheren= 0-3), as re- GlcNAc-containing unsaturated disaccharides
ported earlie.5° M represents the fully protonated Non-sulfated disaccharide
molecule throughout this article. The spectra ofitgdu- As a typical example for unsaturated disaccharides having
cosamine (GlcN)-containing disaccharides such aa (1- 4)-glycosidic bond, the CID-MS/MS of non-sulfated
AUA(1-4)GIcN6S showed the sodium adduct ions to bedisacchariddUA(1 - 4)GIcNAc was examined at first. The
less abundant than thoseMfacetylated GIcN (GIcNAc)- spectra of the [M + H]ion (m/z380), (data not shown), and
and N-sulfo GIcN (GIcNS)-containing disaccharides, the [M + Na] ion (m/z 402) [Figure 1(a)] ofAUA

Results and discussions

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

trisulfated unsaturated disaccharides
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Characterization of Sulfated Unsaturated Disaccharides
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Figure 1. MS/MS spectra of non-sulfated unsaturated disaccharides AUA(1 - 4)GIcNAc. (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.

(1-4)GIcNAc are similar to those adfUA(1-3)GIcNAc  + NaJ and P“A, — H + 2Naj ions, respectively. To describe
obtained from CS and DSwhich do not give any informa- the fragmentions drawn in each figure, we use the nomencla-
tion characteristic of the isomers. However, the spectrum dfire, shown in Scheme 1, proposed by Domon and Co¥tello.
the [M —H + 2Na]j ion (m/z424), as shown in Figure 1(b), On the basis of the presence of tH&ge- and**A-type ions,
gave not only intense peaksmafz221, 203 and 161 corre- derived by the ring cleavage of the GIcNAc residue, it is
sponding to [G+ 2NaJ, [B,— 2H + 2Naj and P?A,—H+  possible to distinguish the non-sulfated disaccharide having
2NaJ ions, respectively, but also characteristic peaks/at (1- 4)-glycosidic bond from those isomers having-@)-

323, 301 and 263 corresponding AL — H + 2NaJ, [*?A,  glycosidic bond.
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Figure 2. MS/MS spectra of monosulfated unsaturated disaccharides having [M - H + 2Na]™

(a) AUA(1 - 4)GIcNAC6S, (b) AUA2S(1 - 4)GIcNAc.

%Jj

B1 24A 0,2

CH20R2

OH
NHR*

ions (m/z 504), as the parent ion.

Scheme 1. The nomenclature for disaccharide fragmentation

proposed by Domon and Costello.'*
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Figure 3. MS/MS spectra of monosulfated unsaturated disaccharides having [M - 2H + 3Na]" ions (m/z 526), as the parent
ion. (a) AUA(1 -4)GIcNACc6S, (b) AUA2S(1 - 4)GIcNAc.

Monosulfated disaccharides atm/z346 ([Y; + 2NaJ), 328 ([4 — 2H + 2Na]), 221 ([G +

The positive-ion CID-MS/MS spectra of [M—H + 2Na] 2NaJ) and 203 ([B— 2H + 2Na]). Two intense peaks at/z
ions provide sufficient information on distinguishing the po-388 and 263 correspond to tRé&q,; — H + 2NaJ and f*A, —
sitional isomers of monosulfated disaccharides. MS/MS spedd + 2NaJ ions, respectively. The origins of other peaks were
traof [M — H + 2Na} ions (n/z504) ofAUA(1 - 4)GIcNAC6S  rationalized as illustrated in Figure 2(a). In the spectrum of
and AUA2S(1- 4)GIcNAc are shown in Figure 2. In the AUA2S(1-4)GIcNAc [Figure 2(b)], characteristic peaks
spectrum oAUA(1 - 4)GIcNACc6S, the predominant peaks at were observed ah/z323 and 287, produced by the elimina-
m/z424 and 323 corresponding to the [(M — H + 2Na) 4SO tion of %2X, from the peaks ain/z 424 (((M —H + 2Na) —
and [(M—H + 2Na) — SO-22X]* ions, respectively, were SQyj*) and 388 {?X, — H + 2Na}), respectively. In the upper
observed. The glycosidic bond cleavage also yielded the peak®mss region, the relative intensities of peaks/au24, 406,
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Figure 4. MS/MS spectra of disulfated unsaturated disaccharides AUA2S(1 - 4)GIcNAC6S. (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.

388 and 384 are similar to those &A2S(1- 3)GalNAc The CID-MS/MS spectra of the [M — 2H + 3Najns (m/z
having the sulfated-gluco-4-enepyranosyluronic acid 526) of AUA(1 - 4)GIcNAc6S andAUA2S(1-4)G1cNAc
(AUA) moiety. The behavior of fragmentation of monosul-are shown in Figure 3, where more pronounced differences
fated disaccharidespUA(1-4) GIcNAc6S and between these isomers are observed. In both spectra, the most
AUA2S(1- 4)GIcNAc, is similar to that of monosulfated predominant peaks ah/z 263 [Figure 3(a)] anan/z 365
disaccharides from CS and DS, but the former are clearlyFigure 3(b)], corresponding to thé*p, — H + 2Na} and
differentiated from the latter on the basis of the observationg“A, — 2H + 3Naj ions, respectively, produced by the ring

of the peaks due fdA ,-type ions and the loss %X, residue  cleavage of GIcNAc were observed. The ring cleavage of
in the former. GIcNAc also yielded the intense peaksvdiz 425 in these
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Figure 5. MS/MS spectrum of monosulfated unsaturated disaccharide AUA(1 - 4)GIcNS having [M - H + 2Na]* ions (m/z 462),
as the parent ion.

spectra. In the spectrum AUA(1 - 4)GIcNAC6ES, the weak h asAUA2S(1 3)GalNACES havi 1, 3)-qgl idi
peaks were observedrafz388, 346 and 303 corresponding El:)(r:\d gbtained f(rom )CSaandCDS aving (L 3)-glycosidic

to the P2X,— H + 2NaJ, [Y, + 2Na] and [B — 2H + 2Na]
ions, respectively. Another peakmafz310 is assigned as the
novel fragment ion derived by the loss gfHrom the [4—
2H + 2Na] ion (m/z 328). In the spectrum cAUA2S GlcNS-containing unsaturated disaccharides
(1-4)GIcNACc, an intense peak mit/z 165 corresponding to0' Monosulfated disaccharide

[Na;SQ,]* ion and four weak peaks a/z323, 305, 225 and in the CID-MS/MS spectrum of the [M + Najon of
207 were observed and rationalized as illustrated in FigurBUA(1 - 4)GIcNS, an ion derived by the loss of S@as

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

3(b). predominantly observed, but no significant fragment ions
{data not shown).
Disulfated disaccharide The CID-MS/MS spectrum of [M — H + 2Najon (m/z

As shown in Figure 4(a), the CID-MS/MS spectrum of 462), as shown in Figure 5, gave intense peaké&za82, 323
[M = 2H + 3Naf (m/z606) ion of disulfated disaccharide and 263 corresponding to the [(M — H + 2Na) —]SJ°?A,
AUA2S(1- 4)GIcNAc6S characteristically exhibits three =H + 2Na} and P“A, — H + 2Naj ions, respectively, to-
dominant peaks an/z526, 425 and 365 corresponding to gether with several weak peakswftz 305 (P?A, — H + 2Na
[(M = 2H + 3Na) — S@*, [(M —2H + 3Na) — S@-"X]* /[~ HQ]"), 301 (P?A, + NaJ), 221([C, + 2Na]) and 203 ([B
and P*A, — 2H + 3Nal, respectively. The other peaks simi- ~2H + 2Naj), which all derived from the non-reducing end
lar to those of [M — 2H + 3Najion of AUA2S(1- 3)Gal-  residue.
NAC6S obtained from CS and BfSare illustrated in this
Figure. Disulfated disaccharides
The CID-MS/MS of [M - 3H + 4Nd]ion (m/z 628) of In the CID-MS/MS spectra of [M —H + 2Najons of
AUA2S(1- 4)GIcNAC6S, as shown in Figure 4(b), is ratherAUA(1 - 4)GIcNS6S andAUA2S(1- 4)GIcNS, predominant
simple, showing not only the dominant peak#&365 (F“A, peaks derived by the loss of $&hd HSO, were observed
—2H + 3Naj), but also a peak an/z 527 (P?A,—3H+ and no significant differences between them were observed
4Na]). The origin of the other peaks are rationalized agdata not shown).
illustrated in the Figure. However. the results of the CID-MS/MS of [M —2H +
These results indicate that CID-MS/MS can be used foBNa]' ions (n/z 564) of AUA(1-4)GIcNS6S and
identification ofAUA2S(1- 4)GIcNAC6S, in addition to dis- AUA2S(1- 4)GIcNS, indicate dramatically the possibility of
tinguishing this disulfated disaccharide from other isomersgistinguishing between these isomers. The CID-MS/MS of
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Figure 6. MS/MS spectra of disulfated unsaturated disaccharides having [M - 2H + 3Na]™ ions (m/z 564), as the parent ion.
(a) AUA(I - 4)GIcNS6BS, (b) AUA2S(1 - 4)GIcNS.

the [M — 2H + 3Nd]ion (m/z564) of AUA(1 - 4)GICNS6S,

as shown in Figure 6(a), gave the predominant peakdB4

derived by the loss of SOand also the characteristic other similar to that oAUA2S(1- 4)GIcNAc6S mentioned above,
fragment ions similar to those observed in that of [M — 2H +except for the observation of an intense peakn/at 484
3NaJ ion of AUA(1 - 4)GIcNAC6S [Figure 3(a)]. The origin corresponding to the [(M — 2H + 3Na) — $0on. The frag-

of these fragment ions are rationalized as illustrated in thment ions are assigned as illustrated in Figure 6(b). This
Figure. The feature of the spectra of the [M — 2H + 3ia]  behavior of the fragmentation indicates that the sulfate group
of AUA2S(1-4)GIcNS, as shown in Figure 6(b), is also at C-2 of GlcN residue may not be sodiated.
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Figure 7. MS/MS spectrum of trisulfated unsaturated disaccharide AUA2S(1 - 4)GIcNS6S having [M - 3H + 4Na]" ions (m/z 666),
as the parention.

Th b ti how that the CID-MS/MS of [M — 2H - . .
ese opservations snow fnatthe of [ GlcN-containing disaccharides. The CID-MS/MS of the [M —

+ 3NaJ ions of disulfated GIcNS-containing disaccharides ) .
provide an easy way of identifying the positional isomers. H+ 2Na[ ion (m/z462) of AUA(1 - 4)GIcNES, as shown in

The spectra of CID-MS/MS of the [M — 3H + 4Nddns Figure 8(a), gave characteristic fragment ions similar to that

bserved in those of [M — H + 2Na](m/z 504) of
of AUA(1 - 4)GIcNS6S andAUA2S(1- 4)GIcNS are rather 0
simple, showing predominant peaks derived by the loss ¢ AUA(1 - 4)GIcNAC6S [Figure 2(a)]. Significant differences

H,O from Z-type ions, in addition to the fragment ions ob- between them are that only in the spectrum of
served in the spectra of [M — 2H + 3Napns mentioned AUA(l. 4)GICN?S’ two peaks an/z403 and 2450 corfe-
above (data not shown). sponding to the®fA, — H + 2Na} and [(Y; + 2Na) —°2X(]

ions, respectively, were observed. Moreover, the CID-MS/MS
Trisulfated disaccharides spectra of the [M —H + 2Najions of AUA2S(1- 4)GIcN

As shown in Figure 7, the CID-MS/MS spectrum of the [M1-9Ure 8(0)] andUA2S (1 4)GIcNAc [Figure 2(b)] closely
—3H +4Na] ion (m/z 666) of trisulfated disaccharide resemble each other except for the presence of a predominant
AUA2S(1- 4)GIcNS6S exhibits the dominant peaksra peak am/z403 (P*A, - H + 2Na]) in the former spectrum.

586, 527 and 365 corresponding to [(M — 3H + 4Na) 'SO The fragment ions, produced by the cleavagéoftype, are
[%2A,— 3H + 4Na] and P*A,—2H + 3Na] ions, respec- characteristic of the GIcN-containing disaccharides. These

tively. Other characteristic peaks are assigned as illustrated Yn,\.er\;atlons ST]?VtV ;hgtl t::le Cl?'.M.S/ I\/cIjS of [hM R dH N ZNa_] d
the Figure. These observations indicate that the spectrum cigis o monosuffate c-containing disaccharides provide

be used for identification of the structure of this trisulfate, | 2 £asy way of not only distinguishing GIcN- from GIcNAc-
containing disaccharides, but also identifying the positional

o isomers of GIcN-containing derivatives.
CID-MS/MS spectra of the positive-ion FAB of

GlcN-containing unsaturated disaccharides Disulfated disaccharide

Monosulfated disaccharides As shown in Figure 9, the CID-MS/MS spectrum of the [M
In the CID-MS/MS spectra of the [M + Hind [M + Naj - 2H + 3Naj (m/z564) ion of AUA2S(1-4)GICcNES gives
ions of AUA(1 - 4)GIcNE6S andAUA2S(1-4)GIcN, no sig- characteristically the A, B, C, X, Y and Z-type fragment ions.
nificant differences between the positional isomers were obFhe assignment of the fragment ions are illustrated in the
served (data not shown). Figure. It is noted that all eliminations of sulfates and sulfites
The results of the CID-MS/MS ofthe[M —H + 2Najns  are observed from the ions including the sulfatgd residue
(m/z 462) of isomeric monosulfated disaccharides,of the non-reducing end, which suggests that the sulfate group
AUA(1 - 4)GIcN6S anddUA2S(1-4)GIcN, indicate that it at C-2 ofAUA may eliminate more easily than that at C-6 of
is possible to distinguish between the positional isomers dhe GIcNAc residue. These observations indicate that CID-
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Figure 8. MS/MS spectra of monosulfated unsaturated disaccharides having [M — H + 2Na]" ions (m/z 462), as the parent ion.
(a): AUA(1 - 4)GIcNGS, (b): AUA2S(1 - 4)GIcN.

MS/MS is also useful in the identification of the structure ofinformation. The CID-MS/MS spectra of the selected mole-
the disulfated compounds. 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
Positive-ion FAB mass spectra of the sodium salts of eigthe identification of the di- and trisulfated disaccharide. Our
disaccharides from Hep and HS and three derivatives shomsults suggest that tandem FABMS will provide a new rapid
distinct molecule related ions, giving only molecular weighttool for the analysis of disaccharides from Hep and HS.

Conclusion
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Figure 9. MS/MS spectrum of disulfated unsaturated disaccharide AUA2S(1 - 4)GIcN6S having [M - 2H + 3Na]™ ions (m/z 564),

as the parention.

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 sodiatec!.
molecule related ions is also useful for characterization of
these compounds, as we previously succeeded in charde-
terization of nine unsaturated disaccharides from CS, DS and
HA.2° It will be very useful for characterization of many 6.
disaccharides isomers from glycosaminoglycans in various
biological materials. We are currently extending our studie§.
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 of
composition C,,H,,0"" and C,,H,,CI™

J.L. Holmes* and PM. 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 compositionHg,O** and
C,,Hs5,CI™ 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 oxiréne
acetaldehydé® and vinyl alcohol™ with helium and argon target gases was assisted by obtaining the CIE spectra of CO
HCO™ and CHs'". Distinct emission bands due to the HC (A,B: X), HC* (B -~ Aand A - X) and HO" (A - X) transitions,

as well as atomic C, ®and H’ lines, were observed. The emission spectra of 8 keV @EH,CI** and CH;CICH, " —helium and
argon target gas collisions were obtained and analyzedwith the aid of the CIE spectra for C@nd CH,CI*. Many of the same
bands appeared as for the gH,4,0* isomers, with the addition of bands due to the CCI(A - X) transition and CI* atomic
lines.

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
Fundamental collision spectroscopy, involving investigaye jnternal excitation in both the polyatomic projectile and

tions of scattering angle, photon emission and '[rans;la.tion@zljIrget in keV collisions a study was undertaken in which

Zgzrgégggggﬁi’ hrziéigetg 22(;?:::3r?rt]a;d'rr;gegzig?oixgggmgﬁoton emission spectroscopy was coupled to a collision cell
target gas coIIisE)n event over agwide prari e of “r”iéior;n amodified sector mass spectroméfer.
get 9 g€ Of COlSION  pocent work on 8 keV )X, O, and CQ" with a variety
energies (thermal to MeV). However, the projectiles;and tar- I o o .
of target gasé8was successful in identifying emitting species

gets have been primarily simple mono-, di- and triatomic ions . . N

and neutrals. In contrast, organic mass spectrometry is Iarg%\&bom th;" 1on beilm fa”d targ_ett. ger‘Ellnd |CQ' , em|§tsr|]on§

concerned with polyatomic projectile ions. Collisional activa- eri pre t(;mman ty r?jm e>t<C|te mto ec(;J ?r lons, \;V' minor

tion of polyatomic projectiles (eV—keV translational energies €aks In the spectra due 1o farget and fragment emissions.
hen Qwas theaargetin collisions with N*, emissions were

has been used to aid the assigning of structures to ions, , X
elucidate fragmentation pathways and identify isorh&rsie - ©Pserved from excited O and N, (formed in a charge ex-

method relies on qualitative or semi-quantitative difierence§hange reaction between'Nand Q). For CQ™/C, colli-
between collision-induced dissociation (CID) mass spectr§/ONS: N0 emissions were detected from neutral O&ygen
and so the results are treated like any other mass spectrum, fi@lecular ion projectiles exhibited quite different behaviour
essentially empirically. However, little is known about theWhen helium was used as the target. NG @missions were

excitation and dissociation processes which occur in polyZRPserved from the ion beam, instead the spectra consisted of
tomic—target gas collisions. This hinders a more detaile@" assortment of fragment"@nd O lines and target gas
interpretation of the results of collision-based experimentg€mission bands. This could be attributed to the difference in
such as CID, collision-induced dissociative ionizationgeometry between ground and excited stafe. Qertical
(CIDI) and neutralization—reionization (NR) mass spectromeéexcitation in the 8 keV collision event produced excited state
try. O," near or above its dissociation limit and the ions dissoci-
Limited qualitative informatioh®has been obtained on the ated to produce excited state fragments. Whear 8Q were
effects of projectile translational energy and the nature of thie target gas in these experiments, emissions fromzthe O
target gas on the internal energy deposited in a projectile idon beam were almost undetectable. Spectral bands were

Introduction

© 1995 IM Publications, ISSN 1356-1049
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primarily from N* and CQ" formed in a charge exchange
reaction with the ion beam.

The present study extends the technique to 8 keV poly ‘missions from isomeric C,,H,,0"" ion-target gas collisions
tomic projectile ions of mass spectrometric interest. The col- e
lision-induced emission (CIE) spectra of the threkl ©* Coallision-induced emission (CIE) spectra obtained for the
isomers oxiran®, acetaldehyde and vinyl alcohdt and  three G,H, O™ isomers oxirare, acetaldehyde and vinyl
the two GH:CI** isomers, chloroethatteand CHCICH,™ alcohol” (from electron ionization of cyclobutaf®lwere
have been obtained and analyzed. The interpretation of theBtained using He and Ar target gases. The emission levels did
emission spectra was aided by the CIE spectra of the smalf@t allow high-resolution spectra to be obtained for all three
fragment ions CO, HCO', CH,*, CCI and CHCI*. The isomers. In order to identify the many possible emitting spe-

results have been interpreted in conjunction with the CID magdes, smaller fragment ions were studied independently. As
spectra of these ions. will become evident, it is helpful to start with a description of

these smaller projectile ions and build towards the analysis of
the polyatomic gH,4,O™ ions.

Results

Experimental

+4

The experiment to detect and analyze light emissions from- o
collisionally activated ion beams has been described in detail '€ CIE spectrum of 8 keV COprojectile-He target gas
elsewheré. The projectile ions were formed by electron im- collisions is shown in Figure I(a). Clearly defined are emis-
pactionization in the ion source of a modified three-sector V&'O1S due to the excited COnolecular ion transition & -
ZAB-2F mass spectrometer (BEE geometry). The ions wer§ = (80 =+2,+1,0, -1 and -2 at 206, 2211' 219'2230 and 246
accelerated to 8 keV translational kinetic energy, selected By respectively}and less certainly, the’l - X °z (Av =
the magnet and first electric analyzer and transmitted into thg™ +32' +2 and2+1 at403, 426, 458 and 471 nm, respectively)
third field-free region (3FFR). An observation cell (OC) is&1d BZ — AT (Av = +3, +2 and +1 at 326, 346 and 371
located in the 3FFR underneath a quartz window (fused sit™ respectively} transitions. Also seen are the excited frag-

ica-Optikon W-25). The entrance slit of ascanning wavelengtg‘)efts c (32§P0 ~ 2p'D, 193 nm) and O(4p*D° — 2p* P,
monochromator lies within 30 mm ofthe ion beam. Collisions>63-6 NM)* Target gas He lines at 388.8 nm and 447.1 nmare

. ; LTSS +
performed in the OC yield spectra due to emissions frorf'S° Present: When Ar was used as the target, a host‘of O

excited ions and target gas species (in-OC observationd 165 (407 nm, 418 nm. 4262nr(7]1, 435 nm and 488 nm) as well

Collisions were also performed in a collision cell (PC) located S’O'Q‘r emissions (4dF ~ 4p°D°, ?46_356 nm. S¢F — 4p

1 cm in front of the OC. These experiments will be referred toP » 347, 354 nm and AEPO - 3d°F, 453 nm)_ were identi-

as post-collision (PC) observations and they allow the analysi€d- With this |nfo+rmat|on emissions appearing in other spec-

of emissions from the ion beam without interference froni'@ from excited At, He, CO", C and O can be identified.

target gas emissions. However, the radiative lifetimes of spe-

cies studied in post-collision observations is limited to long-

lived metastable statddnless stated otherwiseesults are for —Hco"

in-OC collision experiments. The time window of in-OC—— The CO" system was extended by one hydrogen atom by

observations for an ion witm/z44 is 0 —0.14us, and that for  studying HCO ions formed from oxirane in the ion source.

a post-collision observation is 0.05-0124 The ions were also formed from methanol and acetaldehyde
A scanning monochromator (Acton SpectraPro 275, 27.8nd the resulting CIE spectra were identical. The He CIE

cm focal length, 1200 grooves per mm holographic gratinggpectrum is shown in Figure I(b). Along with the CT® -

and cooled photomultiplier, PMT, (Thorn EMI 96350B, 180-X), C, He and O emissions described above, a set of bands

680 nm range, Products For Research Cooler, TE 182TSREprresponding to the HC (A — X 2M) and HC (B'A - A

were used to monitor the emission spectra. The experimerifd) emission and the hydrogen BalmBiine (h=4 - n=

were performed with sufficient target gas pressure to attenua®y'® were also observed. This is in agreement with a previous

the ion beam to 60% of its pre-cell flux (unless otherwisestudy of the HCO-target gas collision-induced emission

stated). The monochromated spectra were obtained by argpectrum™* With Ar as the target in the OC, the He lines are

logue monitoring of the current from the PMT. The resolutiorreplaced by Arlines which overlap the HGB - A) transi-

used for the monochromated spectra depended on the sign@dn. When the HCG-He collisions were performed inthe PC

to-noise of the features in each spectrum. The entrance aadd emissions observed in the OC (post-collision observa-

exit slits of the monochromator were set to 0.5, 1, 2 or 3 mrtions), essentially only the emissions from the diatomic spe-

depending on the sensitivity required. The full width at halfcies remained and the presence of the HEZ(B X 1) and

maximum, FWHM, of an atomic line as a function of theseHC* (A M - X %) transitions between 360 nm and 420 nm

slit widths was 1.0, 2.0, 5.5 and 10 nm, respectively. were both evident. The time required to traverse the distance
All compounds used in this study were commercially ob-between the PC and the OC eliminated atomic emissions

tained and of high purity (>99.9%). which have very short lifetimes.
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190 A (nm) 680 190 A (nm) 680
Figure 1. Collision-induced emission spectrum obtained from Figure 2. Collision-induced emission spectra obtained from
collisions between (a) CO** and He (1.0 mm slits, 1 nm step collisions between (a) oxirane™ and He (3 mm slits, 2nm
size, 5 scan average) and (b) HCO™ and He (2 mm slits, 2 nm step size, 13 scan average) and (b) oxirane™ and Ar (3 mm
step size, 3 scan average). slits, 2 nm step size, 11 scan average).
CH," multiple collision events were not responsible for the genera-

Methyl cation (from El dissociative ionization of methanetion of the emitting species.
in the ion source)-He target gas collisions produced a CIE
spectrum which exhibited the C, He'(H - 2), HC' (B = Acetaldehyde*
A) and HC (A - X) bands. A previous optical study of high.  The He CIE spectrum of 8 keV GEHO" projectile ions,
keV H*—CH, collisiong®yielded emissions from the HC (A,B Figure 3(a), was similar to that of oxirdh& he same features
and C- X) transitions as well as HGA - X) and (b*T - were present but with two new bands, one at ~283 nm which

a®n) transitions. may be the above mentioned {he (see CO discussion
above) and another at ~311 nm. This latter feature may be the
Oxirane™ HO (A%Z* - X2M)Au = 0 band common to emissions from

The spectrum obtained from 8 keV oxirédréle target gas | flames!! The spectrum may also include the'C®B - X)
collisions is shown in Figure 2(a). The spectrum is quite weakands between 193 and 260 nm.
but the aforementioned C; KBalmerf), HC (A - X) and When Ar was employed as the target, Figure 3(b), all of the
HC" (B - A) transitions are distinguishable. With Ar as theabove features were observed with the two extra bands at 283
target, Figure 2(b), most of the above features are enhanceun and 311 nm decreasing in relative intensity.
There was sufficient signal-to-noise in this experiment to
measure the post-collision emission spectrum. Only the diafiny! alcohol™
tomic HC (B - A), HC (A - X) and possibly the HC (B: The CIE spectrum from collisions of 8 keV Gt€CHOH"
X) and HC (A - X) transitions remained, together with a projectile ions with He was slightly different from the other
small contribution from C. Higher resolution spectra enabledwo isomers, Figure 4(a). The C;,®le and H (Balmerf)
the positive identification of the C and lthes at 193 nm and atomic emissions are present together with the(BC- A),
486 nm. The oxirarie-Ar CIE spectrum was also obtainable HC (A - X) and HO (A - X) bands. The contributions from
with 80% ion beam transmission and was identical with théhe O and OH bands are relatively more intense than with
60% transmission spectrum in Figure 2(b), indicating thakither oxiran& or acetaldehyde The Ar CIE spectrum,
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Figure 3. Collision-induced emission spectra obtained from Figure 4. Collision-induced emission spectrum obtained from
collisions between (a) acetaldehyde™ and He (3 mm slits, 2 collisions between vinyl alcohol™ and He (3 mm slits, 2 nm
nm step size, 16 scan average) and (b) acetaldehyde™ and step size, 15 scan average) and (b) vinyl alcohol™ and Ar (3
Ar (3 mm slits, 2 nm step size, 14 scan average). mm slits, 2 nm step size, 12 scan average).

Figure 4(b), contained the same peaks, all of which werthe CCl (A - X) transition. There are three other bands at
enhanced in intensity except thé ltand at 283 nm. ~285, 314 and 389 nm. The feature at 389 nm may be due to
the HC (B — X) transition together with the HGA - X)
transition. These two transitions are more intense than ob-
Emissions from isomeric Cp,Hs,CI™*" ion-target gas served in the gH,,0" systems described above. When the
collisions coliisions were performed in the PC, the only bands that

As with the G,H,, 0" isomers, it was helpful to start with "émained in the spectrum were the CEIC", HC, C (minor)
smaller fragment ions before attempting to interpret the CI8"d 285 nm peaks. This suggests that the 285 nm baotl is
spectra of the two {Hs, CI** isomers. atomic and that the 314 nm baedtomic in nature.

When Ar was used as the target gas, Figure 6(b), the CIE
spectrum showed considerable differences. The GIE (A
cerr = X) and Ar emissions are present, but the C@ - X)

The He CIE spectrum of 8 keV CGfrom electron ioni- ~_band is considerably less intense than when He was the target.
zation of CHCI; in the ion source) is shown in Figure 5. The The two minor bands at 285 and 314 nm are still present, along
dominant feature is the band at 237 nm which corresponds vaith CI* emission¥ at 384 and 479 nm (which become clearer
the AN - X =" transition of CC1.*® There is also a minor under higher resolution). Again, when the collisions were
peak at 193 nm which is the same C emission as observed fogrformed in the PC, only the non-atomic bands listed above
co". remained to any great extent.

CH.CI™ CHsCH,CI™

The chloromethyl cation (from electron ionization of The He CIE spectrum of 8 keV ethyl chloride ions is shown
CH,CI, in the ion source) exhibits several peaks in its heliunin Figure 7(a). It was a weak spectrum and so only the major
CIE spectrum, Figure 6(a). Some features are similar to thos®emponents were discernable. The previously described C, H
observed for the {H,,0" ions, the C, H(Balmerf), HC' (B and HC (A- X) bands are present, together with possibly the
- A) and HC (A- X) bands. A strong emission arises from CCI* transition at 237 nm. The poor resolution of this spec-
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(2)

CCI" (A -X) C HC

CCrr

i, A b iy

A (nm) 280

)

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

oAbty

190 A (nm) 630

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

() at 237 nm decreased greatly in intensity. Post-collision obser-
C vations using Ar target gas identified the HC (A;BX) 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.

HC

CH;CICH,™
F"MWUWWW” The ylidion isomer of CECH,CI**, CH,CICH," (formed
190 A (nm) 680 from electron ionization of C{C(O)CHCI in the ion

Figure 6. Collision-induced emission spectra obtained from sourcé’) contains the same groups as ethyl chloride and so

collisions between (a) CH,CI* and He (2 mm slits, 1 nm step has a similar CID mass spectriirn spite of the different

size, 3 scan average) and (b) CH,CI", and Ar (2 mm slits, 2 nm connectivity of the atoms. Unfortunately, the He CIE spec-

step size, 8 scan average). 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

trum does not allow the Ctband to be positively identified. interpreted. In many ways it was simpler than the correspond-

There are possibly several other features between 300 and 48§ CH,CH,CI** spectrum.

nm including the above observed band at 314 nm. When Ar Only the two C peaks, the' HBalmerf) and the HC (A

was used as the target, Figure 7(b), there was significantly X) bands were easily observable. There may also be a small

more emission allowing a higher resolution spectrum to beand around 308 nm which could be the same as the 314 nm

obtained. Similar features were observed, but the 64id  band observed for GBI* and CHCH,CI*.
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Table 1. Relative intensities of peaks in the He (Ar) CID mass
C spectra® of the three C,,H,,0™" isomers.
HC m/z oxirané& acetaldehydé vinyl alcohol+

H 43 23 | (25 ) 100 | (00 [) 100 | (00 |)
C 42 8 (6 ) 11 (11 26 (20 |)
41 0.6 | ( 0.5) 36| ( 3 5 ( 3]

40 — (—) 0.7 ( 11) 1 ( 03

30 1.6 | ( 1.8) 04| (—) 3 ( 0.6)

190 A (nm) 680

29 100 (100 53 ( 80 53 (26 1)

Figure 8. Collision-induced emission spectrum obtained from
collisions between CH,CICH,"™* and Ar (3 mm slits, 2 nm step 28 5 (3) 6 (4 5 (21
size, 13 scan average).

27 — ( 0.5) 3 ( 22 22 (17 )

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

25 — (—) 3 ( 0.7) 7 (3
Information from C,,H,, 0" CIE spectra 24 _ (—) 0.7 (—) 15| ( 06

No emissions which could be related to intact molecular 0 3 (4 ) 15| ( 3 1 ( 0.8)
ions were observed in these experiments (Figures 2—4). k3 : :
terms of the quasi-equilibrium thedfyhighly electronically 15 14 (16 ) 13 ( 15.6 23 (20 )
excited polyatomic ions will rapidly undergo radiationless 14 ° (8 ) 5 ( 55 ° ( 6.8)
transitions to dissociative states. Such events could lead [to - :
only the production of radiatively decaying small fragments| 13 13| ( 1) 2 ( 15 3 (2
species which are dissociative cul-de-sacs. It may be that when

i . . 12 0.4 0.5 0.8 0.7 1 0.4
future modifications are made to the observation cell and the ( ) ( ( )
elium (argon) target gas in the OC, 60% ion beam transmission.

species more complex than atomic and diatomic neutrals and
ions will be recognisable, but signal-to-noise in the present
experiments precludes their observation. Informatian,

however, be obtained on the minimum excitation of the origi- . - .
nal G,H,,0" ions needed to form the excited atomic and, There was almost no detectable ion 31(Closs)in

diatomic species responsible for the CIE spectra. e C.ID spectra to cplnmde with the large a”.‘o.“”.t of excited
atomic C observed in the CIE spectra and it is in any case
unlikely to have been formed directly from the molecularions.

Peak intensities in the CID mass spectra 4 .
The He and Ar CID mass spectra of the three isomerépnS withm/z13 (HC) andm/z30 (HC loss) were relatively
ﬁ}i”or peaks, though of similar intensities.

measured under the same conditions as those for the C T <sion band iblv directlv relate to the CID
spectra, are listed in Table 1. They are in agreement with those W0 €emission bands possibly directly relate 1o the
published earliet?*In spite of their structural differences, the Tf’l:s spectra, the bagfds for (@84 nm+) and H?(312 nm).
CID mass spectra of ionized oxirane and acetaldehyde a{’é'\‘ counter-ion to HOormation, GH', is nearly non-exis-

e i ; __/1ent in the CID of oxirarte, only 3% of base peak for acetal-
:T?gc?r”i((?rt:lsti:‘gIrIerw,czztﬂéf(i)nr ;Xeagelin?;s&sﬁ Y.":gznli& Sna dehydée and about 20% for vinyl alcohtl This is in keeping
. 23 2 -

- S : with the relatively similar growth of the H@mission band.
dances, not surprising for oxirdhé view of the ease of ring . .
g i . N Onthe other hand, the @eak in the CID mass spectra (which
opening® to the more stable distonic i668H,OCH,". Vinyl : . .
i . . may be interfered with by CH) follows the opposite trend,
alcohol ions also display a strongz15 peak but then their : : ) . .
o . being most intense for oxiraheand least intense for vinyl
rearrangementto ionized methylhydroxycarbene,@@hH", : . . ;
. . ' alcohol". Producing Qin the 4cfF excited state requires 40
is known to precede their fragmentatiéThe strongest dis- . : .
S L . eV, an energy demand which may make it a relatively less
tinguishing feature for C#CHOH" is the greater relative likelv process for vinvl alcohs|
intensity ofm/z27 andm/z26. Distinguishing features of the yp Y )
CIE spectra of the three isomers do not easily relate to frag-
ment peak intensities in the CID mass spectra and, at tligergy deposition
present level of sensitivity, they do not permit a ready distinc- The excited electronic levels of oxirane, acetaldehyde and
tion between ionized oxirane and acetaldehyde. vinyl alcohol molecular ions are known from photoelectron
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Table 2. Minimum precursor excitation in 8 keV C,,H,,0" —target gas collisions.

Excited fragment Counterpart Minimum excitatiof (V)
Oxirane” Acetaldehyd& | Vinyl alcohol”

C (3s'P) *CH,0H," 14.4 15.9 16.5
H' (n = 4) CHCO' 11.7 13.2 13.9
0" (4p?D° CH,=CH, 37.4 38.9 39.6
HC" (B ') "CH,OH 13.0 14.5 15.2
HC (A %) *CH,OH 6.3 7.8 8.5
HO (A *=") CoHs" 5.9 7.4 8.1

®Lowest possible energy ground state counter-ion/neutral.
PCalculated 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.

spectroscop§* The highest state observed, the E state, wak§formation from Cz,Hs,CI™" CIE spectra
less than 10 eV above their respective ground states. The All of the emissions observed in the CIE spectra of the two
excited fragment species observed in the CIE spectra of tl®,Hs,CI* ions were from atomic and diatomic ions and
three isomers, the lowest energy ground state counter-ionsoeutrals. The chief surprise was the lack of emissions from Cl
neutrals and the minimum excitation in each precursor iogontaining species, except for a weak C€ignal in the
required directly to form the products, are listed in Tabie 2. He—CHCH,CI™ spectrum [Figure 7(a)]. As for the,8,,0"
All but one of the emissions observed in the CIE spectraons, the spectra can be used to examine energy deposition in
were the result of at least 6-14 eV being converted frorthe projectile ions prior to dissociation.
translational kinetic energy to internal energy of the three
molecular ions. However, no emissions were detected due keak intensities in the CID mass spectra
excitation processes requiring less than 6 eV. If intense emis- The He (Ar) CID mass spectra of the two isomers are listed
sions only result from very rapid dissociations of the ionsn Table 3. The two CID spectra are easily distinguishable,
having sufficient energy to produce electronically excitedexhibiting differentm/z49 :m/z29 peak intensity ratios. The
atomic and diatomic fragments, then it is not surprisirig thatise of Ar as the target does not significantly change the mass
the less energized ions do not give rise to emissions. spectra. It is evident that most of the atomic and diatomic
emitting species observed in the CIE spectra (Figures 7 and 8)
Effect of target gas do not result from a simple dissociation but rather from at least
The He and Ar CIE spectra of each isomer involved siimilatwo consecutive dissociations. The dissociation of, HsCI*
excited species but their amounts differed greatly. With Ar,iaron to form a carbon atom would require the formation of an ion
beam emissions due to C, HC and were all enhanced. of composition C,ECI*, which could only be an ion—neutral
However, the relative abundance of &d HO in the CIE  \ complexinvolving, e.g. CHand HCL. It is therefore unlikely that
spectra of acetaldehytdleand vinyl alcohdl decreasedvith’ - /the C (3s'P’) atom results from the direct dissociation of the
the introduction of Ar as the target gas. Enhancement of iomolecular ions but comes rather from secondary fragmentations
beam emissions may be due to the multitude of excited state smaller ions. As for carbon atom formation, ‘H@ust be
of Ar which can be easily accessible in interactions with th@roduced in a two step process since an intact neutral counterpart
projectile ion. The exact nature of these interactions could natf composition C,HCIl would be a hypervalent radical. The
be determined in this study. generation of HC(B) may be accompanied by ¢HClor CH’
When Ar was the target, emissions from excited state Ar+ HCIl. To form CCl, the two isomers must eliminate CH
formed by charge transfer with the projectile ion were ob{another hypervalent radical) or more likely-HCH, or similar
served. The charge transfer reaction from ground state Ar ttombination of fragments.
produce ground state oxirane is endothermic by 5.3 eV and is
even more so for acetaldehyde, 5.5 eV, and vinyl alcohol, 6 #ergy deposition
eV. If Ar was formed in the 4¢F state, the charge transfer  The excited fragment species observed in the CIE spectra
reactions become even more endothermic, 2323 eV. of the two isomers, the lowest energy ground state counter-
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Table 3. Relative intensities of the peaks in the He (Ar) CID
mass spectra® of two C,,Hs,ClI™" isomers.

Table 4. Minimum precursor excitation in 8 keV C,,Hs,Cl*" -tar-
get gas collisions.

Excited fragment | Counterpdrt Minimum excitatiofi (eV)
CHZCH,CI*" | CH;CICH,""

C (3s'P) CH,"™ + HCI 16.9 16.2

H' (n=4) CH,CHCI' 13.8 13.1

HC' (B 'A) CH, +Cl 14.0 13.3

HC (A ?D) CH,CIH" 7.2 6.5

CCI" (A )™ CH, + H 9.3 8.6

m/z CHyCH,CI"™ CH,CICH,"

63 5 ( 8) 1.4 (2)
62 1.8 (2) 0.2 ( 0.3)
61 1.8 ( 1.4) 25 (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 ( 14) 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 ( 17) >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 (—)

®Helium (argon) target gas in the OC, 60% ion beam transmission.

“Lowest possible ground state counter-ion/neutral.

PCalculated 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.

The charge transfer between Ar and ethyl chlgrideendo-
thermic by 4.78 eV, but will be considerably more so if i&r
formed in the 4&F state. There is no mass spectrometric evidence
for the existence of stable neutral LHCH,." Interestingly, no

Ar* emission bands are obvious in Figure 8, indicating that the
charge transfer reaction to form excited 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
coliision 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

ions or neutrals and the minimum excitation in each precursanto smaller species until the atomic and diatomic ions and
ion required to form the products are listed in Table 4.

Effect of target gas

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,

One difference between the CIE spectra obtained fopolyatomic fragments which are not electronically but vibra-
CH,CH,CI* and CHCICH," using He and Ar target gases, tionally excited may be formed.
aside from the enhancement of ion beam emissions with Ar, This technique presents a new look at the processes occur-
was the abundance of the C@\ - X) emission band. There ing in the collision event and has provided information on the
is evidence for this band in the He CIE spectra of both isomersxcitation events which are possible in keV polyatomic pro-
while it clearly vanishes when Ar was the target.
The same Arbands observed in thg,B,,0" CIE spectra experiments which rely on the interpretation of mass spectra.

were presentin the Ar CIE spectrum of{CH,CI*, Figure 7(b).

jectile—target gas collisions, information unobtainable from

This was a primary purpose for starting this investigation.
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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 neutra.
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. Otherg.

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 theg 1.

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 expegio

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. 3

should increase the sensitivity enough to perform all of the
experiments described above.

14.
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The mechanism of alkene elimination from the oxonium ions
(CH5CH,),C=0H", CH,CH,CH,(CH;)C=0H"
and (CH,CH,CH,),C=0H"
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Dennis Suh and Jochan K. Terlouw*

Department of Chemistry, McMaster University, Hamilton, Ontario L8S 4M1, Canada.

The reactions of the metastable oxonium ions (C4€H2),C=0H",CH3CH,CH»(CH3)C=0OH" and (CHsCH>CH,),C=0H" have
been studied by*3C-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, (CH,C=0H" and CH3CH,CH=0H", which eliminate
ethylene. Propene loss from (CKCH,),C=0OH* must entail skeletal rearrangement leading to CHCH,CH,(CH3)C=0H" 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, CHsCH,(CH3CHCH=OH?*, without disrupting the C-O bond. Both (CHsCH,),*C=0OH* and
CH3CH,CH,(CH3)**C=0H" lose GHg¢ 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 (CHsCH,CH,),C=0OH* shows that this preference for retaining the initial C—O connection is general:
(CH3CH,CH,),'*C=0H" eliminates GHg and C4Hg with extremely high selectivities (~99%).

The first stud$ of *C-labelled analogues @freported that
. : CH3CH,**CH=0OH" eliminated GH, and CC®H, at almost

Many members of the important homologous series Ofqual rates (in the ratio 49 : 51). This unexpected result was
oxonium ions, €Ha,O", have been extensively investigated, interpreted by supposing that after two consecutive 1,2-H
especially at low internal energies, thus giving considerablgpifts starting from CKCH,*CH=OH", ring closure of the
mechanistic insight into their interesting chemistiymajor ' resultant open-chain catiotGH,CH, *CH,OH, gives a pro-
class of fragmentation is alkene loss, which often may bgynated labelled oxetane, @EH,2CH,OH*, in which the
described by several reasonable mechanisms inVOlVing COBrigina|u_ andy_carbon atoms are equivajér@onsequenﬂy,
ventional steps and classical intermediates. Thus, metastail®en this protonated oxetane reopens and ethylene loss
(CHy),C=OH", 1, and CHCH,CH=0H", 2, eliminate GH..>*  qoccurs by fission of the central C-C bongkigand CCH,

An early stud§found that the carbon atoms of the elimi- gre eliminated with equal probabilities by cleavage of
nated molecule of ethylene were selected at random in fast H,CH,"*CH,0OH and **CH,CH,CH,OH, respectively.
fragmentations ofC-labelled analogues df However, two  sypporting evidence for this proposal was found in the loss of
subsequent investigations showed that JSHC=OH" lost  cC13H,with high selectivity (99%) from C£fCH,CH=0H".5
C.H, with high selectivities in both fast fragmentations in theqowever, a later investigatiéof CH,CH,2*CH=0OH" was at
ion source (89% and slow dissociations in the field-free yariance with the formation of protonated oxetane because it

regions (99%and 89%). Consequently, the C-O bond usu- jndicated that CEH, elimination was of negligible impor-
ally remains unbroken whenyig, is eliminated fron1.5

Introduction

© IM Publications 1995, ISSN 1356-1049
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tance compared to,B, loss. A third stud¥y extended the Table 1. Reactions of metastable CsH;;,0™ ions.

analysis to includ&*CH,CH.CH=0H", which was found to ,
expel CCH, with high selectivity, thus confirming that the Neutral species lost
initial C—O bond in2 is normally not broken in ethylene H,0 CHe
elimination The erroneous early refat CC*H, loss from R R
CH,CH,:3CH=OH" probably arose from confusion caused by}!°" Structure RA LT RA T
an overlapping signal corresponding tbigelimination from | (CH;CH,),C=0H' 35° 22 | 6% 1.7
CH,CH,CH=0H" generated from residual @EH,CH,OH in 44" | 25 | 56
the sample of CKCH,*CH,OH in which the level of*C-in- 51° 49
corporation was only ~50%. 43 57

The most consistent overview of these data is thdtIGss CH4CH,CH,C(CHy)=OH* 24° 22 | 76 1.7
from2takes place after two consecutive 1,2-H shifts, followed 38’ 25 | 62
by o-cleavage ofCH,CH,CH,OH, 3, without ring closure to 39° 61"
CH,CH,CH,OH". The rates of these 1,2-H shifts are faste 32 68
than that ob-cleavage, thus explaining why the carbon-boundcH,cH,cH(CH,) CH=0H* 49° 16 | 51 1.7
hydrogens ofH-labelled analogues @become statistically 70° 18 | 3¢
distributed prior to ethylene lo&Similarly, fragmentation of £ 2
1 proceeds by unidirectional rearrangement2t¥y via a 58 42

1,2-H-shift to*"CH,CH(CHs)OH, followed by a 1,2-methyi °’RA= Relative abundance normalised to a total of 100 units.

[ . . _ . .
shift, rather than by a route involving formation and sub- - Kinetic energy release (in kJ my|lestimated from the width at
half-height of the associated metastable peak.

Sequg opening of the protonated oxiran€s\ieasured by metastable peak areas arising from dissociation in the

CH;CHCH,OH"* The latter alternative | second field-free region of the VG Analytical ZAB-R mass spectrometer

[*CH,CH(CH;)OH - CH;CHCH,OH' - CH,CH*CH,OH] is of ions generated by dissociative ionisation of the appropriate alcohol.

excluded by thé*C—IabeIIing results because migration of the“i\/leasurgd by metas'{able peak heights arising from dissociation in the

oxygen function would break the original C—O bond. ThigScond field-free region of an AEI MS 902 mass spectrometer of ions
. . . . . .. _generated by dissociative ionisation of the appropriate alcohol.

overall interpretation is consistent with the results of deta'lea:)a.ta from Reference 13 (ions generated by dissociative ionisation of

collisional and neutralisation—reionisation studies $1-O* alcohols).

ions!+*2 which reveal tha? and CHCHCH,OH* readily  'Data from Reference 14 (ions generated by protonation under chemical

isomerise to form a common structure or mixture of structurei§nisation conditions of the appropriate ketone or aldehyde).

that are distinct from and CHCH,CH,OH", both of which

are discrete stable species. These results suggest strongly that

CH;CHCH,OH" is accessible t®via CH,CH*CH,OH, prob-

ably on a reversible basis, and that ring-opening of the/pro-

:ﬁgar:]eodr:);'t?g}g 2;'00(;’\;]ggf;rézltii?]ercgﬁfcﬂwglﬁs toricsugso:]c’ giv\'jexetaneé‘,‘ Scheme 2. Both these routes involve rupture of the
13 2 ) -

serving the C-O bond @ original C-O bond. Alternatively, a series of 1,2-H and 1,2-al-

. o ) —kyi shifts could allow4 and5 to reach common intermediates
A further investigation of the generality of these mechanis Y

. ) . . accessible t6, while maintaining the initial C-O linkagé,
tic conclusions concerning the mechanism of alkene loss from

L : ) : o > ~'Scheme 3. The behaviourdC-labelled analogues dfand
oxonium ions is now timely. This objective can be ach|evec§

- ) . unequivocally excludes the first possibility, Table 2. Thus,
by examining the behaviour of the homologodd 0" ions, (CH.CH.),1C=OH | ith hiah selectivit
which are known to expelH; in slow dissociation&:4 (CH:CHy), expels GHs with high selectivity

{(=88%), but exclusive ££CHg elimination would be pre-
dicted on the basis of transfer of the oxygen function from C-3

Results and discussion

The oxonium ions (CHCH,).C=OH, 4, and
CH;CH,CH,(CH;)C=0H", 5, display closely similar react- .. . 8
ions that resemble those of ¢@EH,(CH;) CHCH=0H, 6, A{/\ ‘—_~/\’/\ ‘—_~N>\
Table 1. Skeletal isomerisation must precegi;€limination +OH OH
from 4 and6; moreover, the loss of an appreciable amount of 4 8 9
C:Hs as well as the expected ;HzD; from
CD;CH,CH,(CH5)C=0H" shows that propene expulsion can- u
not be explained unless the initial heavy atom framework of +OH OH
5 is sometimes reorganiseéé /\A 2 /\)\
Various routes for these skeletal rearrangements have bee x
considered, including migration of the hydroxy function via 5 10
formation of protonated oxiranésScheme 1, or protonated Scheme 1.



R.D. Bowen, D. Suh and J.K. Terloukyr. Mass Spectroni, 33—-39 (1995) 35

/\/ﬁ”\ o /\)OH\ o /\/‘Q Table 2. Reactions of metastable C,**CH,,0™ ions.
+ Neutral species lost
5 10 1
“ H,0 C:He C,"*CHe
lon structure RE| T° | RA| T | RA[ T

O,

o, /<+X (CH;CH,),"°*C=0H" 3F | 22592 1.7 | 82| 1.6

CH,CH,CH,"*C(CH,)=OH" | 25 | 2.3 |66.9| 1.7 | 8.4| 1.5

12
CHsCH,CH(CH,)CH=0H' | 26° | 2.3 |58.5| 1.7 | 15.7| 1.5

abSgee footnotes to Table RA values for propene losses are quoted to
one decimal place simply in order to avoid introducing rounding errors.

/\n/\ 1,2-H b 1,2:CHs
LOH ~ /\OH/\ ~ +(‘) is occasionally broken prior to propene loss. Therefore, a

small proportion of the ions which reach the probable
reacting configuration for propene elimination,
CH;CH'CH,(CH3)CHOH, 11, undergo ring closure to the

protonated oxetane, GEHCH,(CH;)CHOH', 12, followed

by ring opening in the opposite sense to give

CH;CH(OH)CH,CH'CHjs, 11, thus opening a channel for
12 C,1°CH; expulsion from (CHCH,),"*C=OH and
CH3CH2CH2(CH3)13C:OH

The loss of a greater proportion (~21%) eCHs from
5 10 CH,CH,CH,(**CH;)C=0H" suggests strongly that a route
Scheme 3. 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
to C-2 or C-4. Consequently, reorganisation of the carbof can be expelled in the eliminated propene. If rearrangement
skeleton o must precede s loss. via the protonated oxetane was the only route for this process,
The occurrence of almost identical minor amounts (14‘)/Qhe same percentages Qf—@and C§:|-3C:H6 would be lost from
and 11%, respectively) of ,€CH; expulsion from CH;CH,CH,(CHy)*C=0OH" and CHCH,CH,(*CH;)C=OH". A
(CH3CH,),"C=0OH" and CHCH,CH,(CH,)"*C=OH" points |ikely explanation is that a small proportion of ions generated
to a common chemistry for these ions in which the C-O bongs 5 isomerise to4, so allowing the two methyl groups to

Scheme 2.

a 8 6

120r‘|3

+OH OH +OH,
/\/U\ 1,2-H 1,2-CH, 12H e
— - +
P N - N -
+
5 10 6
1,2-H T
l 1,2-CoHs o
vl

+OH

T oH
A~ L «—M WWA(
4

(6+1) parts

1 part T l 2 parts
+ OH

O I T

Scheme 4.
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become equivalent, before dissociation Maor 11' occurs.  or by protonation of the appropriateHzO precursors: al-
All the data can be accommodated by Scheme 4: one quartbiough the reactions of metastaldleand5 are essentially
of the ions which reach structuiel rearrange td2, thus identical and similar to those 6f3'“each of these three ions
allowing one eighth to expel:8¢ after attainingl1’; simi-  displays a distinctive CID spectrum, all of which differ from
larly, one quarter of ions generatedsasomerise viB8to4,  that of9. These results indicate thgts and6 (and probably
so allowing exchange of the two methyl groups to preced8) exist in discrete potential energy wells, such that there are
formation of11. sizeable barriers for rearrangement of each to any of the
Scheme 4 also explains some interesting general featurethers. Nevertheless, at internal energies sufficient to induce
of the reactions o4, 5 and6. Elimination of HO competes dissociation of metastable ion§,and5 are able to reach
with C;Hg loss more effectively starting fro6than fromdor ~ common intermediates and transition states which are also
5; furthermore, the kinetic energy (KE) release associatedccessible t6. Moreover, the main route for isomerisation of
with H,O expulsion from6 is smaller than those for the 4to5involves formation 06, rather thar®, because the C-O
corresponding dissociation4fnds. Thermochemical data  linkage of4 is conserved with a selectivity of almost 90% in
indicate that the products given by®loss are ~50 kJ mdl-— propene loss. However, both the n&@-labelling experi-
more stable than those formed byHgexpulsion. ments and earlietH-labelling dat¥ indicate that a small
These trends reveal that®loss has a lower criticl  percentage of ions generatecbasme able to rearrange to the
energy than ¢Hs elimination and that the population of dis- protonated oxetanép, thus allowing the initial C—O bond to
sociating metastable ions formedédsas a lower averag®  be eventually broken beforgld; is lost.
internal energy than those generated as5. Isomerisation The greatly reduced degree of interconversiof with 9
of 4 and5 to 7 and other structures accessiblé te normally. - can be partly attributed to differences in the energetics of the
irreversible: these rearranged ions tend to dissociate fastesomeric GH;,0" ions compared to those of the lower homo-
than they revert td or 5. This finding is in accord with the ' logues in the ¢H,O* system. Construction of a potential
labelling data. The highest energy species en route tenergy profilé! (PEP) for GH,O" ions reveals that the ener-
CH;CH=0OH" and GHs are probably the secondary cationsgies of both CHCHCH,OH' and CHCH*CH,OH are much
CH;CH,CH'CH(CH;)OH, 10, and CHCH'CH(OH)CHCHs;,  lower (by 86 and 108 kJ nt)| respectivel§?) than the com-
8. These open-chain cations should have appreciably highbmed enthalpies of formation of GEOH*" and GH..
enthalpies of formation than the isomeric secondary cation, Furthermore, the postulated reacting configuration for
11, because the unfavourable interaction between the electro@;H,4 loss {CH.CH,CH,OH) lies at an appreciably higher
withdrawingp-hydroxy group and the nearby charge site willenergy thar?, CH.CHCH,OH" and CHCH'CH,OH. Conse-
be greater fo8 and10 than is the case fdr, which contains  quently, the rate of interconversionfvith CHLCCHCH,OH*
a more distany-hydroxy substituent®®lt is significant that —and CHCH'CH,OH becomes quite rapid even at energies
the KE releases associated witfHgloss fromd4, 5 and6 are  close to or slightly below those needed to promotd,C
the same within experimental error, whereasj@ dimina-  /expulsion. In contrast, when the PEP for the analogous
tion dissociation o6 has an appreciably lower KE release thanCsH,;0" ions is constructed from knowri*2 or esti-
those associated with fragmentatiortaind5. This distinc-  mated®!****3thermochemical data, Figure 1, itis evident that
tion arises becauseslds loss from4, 5 and6 necessarily —the corresponding open-chain catio@sand 10, do not lie
entails rearrangement 1d via 10. However, although and——appreciably below the threshold fog elimination. More-
5 must also isomerise ®and/orl0 before expelling kD, 6 over, the postulated reacting configuration feiHgloss (L1)
can undergo this reaction via the more stable tertiary catiois lower in energy tha®iand10. As a result, the energy needed
CH;CH,C*(CH;)CH,OH, 7, without rearranging to eith8mor - to promote rearrangementddnds to 10and8is comparable
10. to that required to induce;Bs loss. In other words, onde®
There are clear contrasts between the behavioRimofi  has been formed froBYor from4 via isomerisation involving
those of its higher homologuds5 and6. Even at very low - /6), further rearrangement via the favourable 1,2-H shiftlto
internal energies? apparently interconverts freely with the foilowed by GHs elimination requires almost no additional
protonated oxirane, GEHCH,OH", via CHCH'CH,OH, as  energy. Consequently, interconversiod ahds via any route
is shown by the close similarity of the collision-inducedinvolving 10is reduced in efficiency because it must occur in
dissociation (CID) spectra ot8,0" ions generated by direct competition with exoergic formation afL which leads ¢Hs
protonation of propionaldehyde and methyloxirane, respedeoss.
tively.!* 12 However,2 does not rearrange to the protonated However, even after due allowance for these energetic
oxetane, CKCH,CH,OH", via*CH,CH,CH,OH, even at the differences has been made, it appears that another factor must
slightly higher internal energies needed to indugé,@ss’®  discriminate against ring closure of thénydroxy cations to
On the other hand, tHéC-labelling results reported in this protonated oxiranes. Elimination oft@ from 4 via either the
study establish th@tand5 do not interconvert rapidly via the proposed dominantrouté (8- 6 10— 11) or the pathway
corresponding protonated oxirargg prior to elimination of (4-8-9-5-10-11) involving the protonated oxirane
C;He. This finding is consistent with collisional studi®8of  necessarily entails initial formation of the same open-chain
CsH,;,O" ions generated by fragmentation of ionised alcoholgation,8. Therefore, the 1,2-El5 shift which convert8 into
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Figure 1. Potential energy profile for isomerisation and dissociation of (CH,CH,),C=0H"*, CH;CH,CH,(CH;)C=0H"* and
CH3CH,CH,(CH3)C=0H™.

6 must occur more rapidly than the apparently favourabl@omologue (CHCH,CH,),C=0OH", 14. This species is

cyclisation td. A similar argument suggests strongly that theknown® to lose predominantly #0 and GHg, together with

1,2-H shift by which8 may revert tal must also take piace  smaller amounts of £lg and “GHgO” (actually sequential

more readily than ring closure % These trends may reflect eliminatior?* of H,O and GHg). Expulsion of GHg entails

the energetics of the relevant steps: both the IiR-&hd the  skeletal rearrangement and could occur via reorganisation of

1,2-H shift in8 lead to specie$@nd4, respectively) that are - the carbon framework or by migration of the oxygen function.

lower in energy tha®. However, there may also be an-addi- The loss of gHg and GHg with high selectivities99% and

tional effect discriminating against formatior@dfecause the | >95%, respectively), Table 3, establishes that the former is the

conformation o that is best suited to cyclisation@ds one  case, Scheme 5. Any migration of the oxygen function from

in which the C—O bond and the unoccupied p-orbitai lie in'&€-4 to C-3 or C-5 via protonated oxiranes would result in

common plane. This conformation is one which maximise€;**CH; elimination from (CHCH,CH,),**C=0H". Similarly,

the unfavourable interaction between the hydroxyl substituergny involvement of protonated oxetanes would leadkh C

and the unoccupied p-orbitdlin contrast, the conformations loss from (CHCH,CH,),C=OH" and G™CH,, elimination

appropriate for the 1,2-85 or the 1,2-H shifts bring the from (CH,CH,CH,),"*C=0OH". However, none of these proc-

substituent that is about to migrate, rather than the C—O bonelsses is observed to a measurable extent.

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 convedsinto 8. These )

conformational considerations may also favour the 32-C  Conclusions

or the 1,2-H shifts over cyclisation to form protonated oxira- The skeletal isomerisations which often precede alkene

nes. expulsion from oxonium ions of general structure
The major conclusions concerning the mechanismlgf C R'R?’C=0H" normally involve reorganisation of the carbon

loss fromd and5 are reinforced by the behaviour of the higherframework via 1,2-H and 1,2-alkyl shifts. Migration of the
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Table 3. Reactions of metastable C;H,;;0" and C¢*CH,s0™ ions.

Neutral species lost
H,O C:He C,*CHs CuHs C;'°CHs CsHgO
lon structure RA? TP RA T RA T RA T RA T RA T
(CH3CH,CH,),C=0OH" 59° 3.1 3r 2.4 g 2.2 ? 3
(CH4CH,CH,),"*C=0H' 60° 3.2 32.1 2.4 <0.5 7.5 25 <0.5 °

ab%5ee footnotes to Table 1; values for alkene losses are quoted to one decimal place simply in order to avoid introducing rounding errors.

+0

+OH OH : H OH
1,2-H 1,2-CgH; 1,2-CoHs
//\M —_— /W\\ — * %
+
14 15 18
17

l 1,2-H 1,2-H

OH
*OH

+ OH OH
| (&) + + | [e) *
//\ o -~ * ~. * “
16 19
[* Denotes °C)

Scheme 5.

oxygen function rarely, if ever, occurs via protonated oxiraneR€aKs arising from dissociation of metastable ions in the
second field-free region, by means of the usual one line

and only occasionally via protonated oxetanes. The 1,2-aikyi~>""" a5 - ) -
shifts in then-hydroxy cations occur more rapidly than cycli- €quation;*°after applying the usual correction for the width

sation to the protonated oxiranes, even though formation Gt Nalf-height of the main beatfiThe quoted values are the
such three-membered rings is often considered to be a kinefi®ans of 4-6 individual scans.
cally facile process. Since the enthalpies of formation of 1N€ Oxonium ions studied in this work were generated by

protonated oxiranes are lower than those of the relevht dissociative ionisation of the appropriate secondary or tertiary

droxy cations, this finding suggests strongly that 1,2-H andicohols. These alcohols were either commercially available

1,2-alkyl shifts are kinetically preferable to cyclisation in
these systems.

i, i, iii
1 CHyCHBr ————> (CH;CHy)3COH

Experimental i, iv, iii

2 CHgCHy(CHg)CHBr ————  [CHyCH,(CH;)CHLCHOH
Most of the mass spectra were recorded on the VG Analyti-

cal ZAB-R mass spectrometer. Details of the geometry of thiScheme 6. Reagents and conditions: i, 1.2 moles Mg,

three-sector (BEIQE,) instrument have been reported else-(CzHs)20; ii, 0.4 moles CH;CH,CO-CHg; iii, saturated agueous

where® Data on the dissociation of metastable ions in thd'H: CI” solution; iv, 0.4 moles HCO,CHzCH..

second field-free region were obtained by the MIKES tech-

nique!’ The quoted spectra are integrated data, compiled from

2-5 individual scans. Typical operating conditions were 70 eV i, i, iii

ionising electron energy and 7910 V accelerating voltage. Thi CHsCHCHBr

KE releases were estimated from the width at half-height of

the appropriate metastable peak, by means of the standard i, iv, iii

one-line equatiofi®® after applying the usual correctiifor 2 craCHyCHoBr (CHyCH,CH)(13CH)COH

the width at half-height of the main beam. The remaining new

data reported_ in Table 2 were obtained with. an AEI MS 902 CHsCH,Br i,il, iii (CH5CHy)»(CHg)13COH

double-focusing mass spectrometer, operating at an ionising

electron energy of 70 eV, an accelerating voltage of 8 kV angjcheme 7. Reagents and conditions: i, 1.2 moles Mg,

a source pressure of <i0orr. The KE releases foss 0SS (c,H,),0; ii, 0.3 moles CH,COCI: iii, saturated aqueous

were estimated from the width at half-height of the associatedH, *CI- solution; iv, 0.3 moles *CH,COCI.

(CH3CH,CHy)2(CH3)13COH
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[(CH3CH,),C(CH;)OH] or synthesised by unexceptional 16
methods via the routes shown in Scheme 6."%®abelled
alcohols were prepared from commercial (Aldrich) samples

of specifically labelled acetyl chlorides containing a high levell 7.

(>99%) incorporation ofC via the routes shown in Scheme

7. Comparison of the 70 eV electron impact ionisation mass8.

spectra of the labelled alcohols with those of the correspond-

ing unlabelled analogues indicated that the label had bedr.

incorporated with high selectivities (99%) at the desired posi-
tion.

21.
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Time-dependent mass spectra and breakdown graphs. 18. pyrene

Yun Ling, Yehiel Gotkis and Chava Lifshitz?

Department of Physical Chemistry and The Fritz Haber Research Center for Molecular Dynamics, The Hebrew University of
Jerusalem,; Jerusalem 91904, Israel.

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 Hand H, losses,

as well as consecutive Hosses. 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 AH°(CisHg") = 1190 kJ mot™. The results are discussed in light of the possible
role of pyrene-like ions in interstellar space.

This is the key region for the study of the survival of PAHs in

. . ) the interstellar mediurh.
The photostability of polycyclic aromatic hydrocarbons Pyrene, as opposed to naphthalene and phenanthrene, is a

(PAHSs) is of importance in view of their astrophysical fole. compact PAH. As such it is less prone to acetylene®loss,
PAHs are considered to be the most abundant free intersteligi oo hydrogen atoms. Nevertheless, appearance energies
organic molecules knowhA large fraction of PAHs are have recently been determihéat H loss, H loss, as well as
expected to be ionized in the interstellar medium. The iO”izchetylene loss. When pyrene molecular ions undergo surface-
PAHs are attractive candidates for the diffuse intersteliaj,q,ceqd dissociatiohpy far the most abundant peak is (M —

bands which have been known for some time. It has recentbh)w_ Whether the unimolecular loss of2oms is consecu-
been demonstrafdhat a pyrene-like molecular ion ::"'ayi tive 2 or due to Hloss as formulated by Jochirsal,' is an
cause the 4430 A diffuse interstellar absorption band. T"Spen question of interest in interstellar chemistry.

importance _of naphthalene and phenanthre_ne cgtiong as .inter—We undertook a detailed study of the VUV photo-ioniza-
stellar speciéhas led us recently to a detailed investigation;sn and fragmentation of pyrene using our ion trapping device
of thse energetics and dynamics of dissociation of these Spgs; ime_resolved measurements. The data obtained, as well
cies’ The present research effort is devoted to pyrene. as their modelling by RRKM calculations, will be described
The special resilience of PAHSs towards decomposition cafere  This study was combined with an electron ionization

be understood—it is due to their high bond energies and thejfg/ms study, in order to decide between the consecutive 2H
large numbers of degrees of freedom. These attributes make single step Hoss channels.

them attractive candidates for study by time-resolved photo-
ionization mass spectrometry (TPIMS), a technique which we
have developed in recent ye&rmans can be trapped in a Experimental
Paul-type cylindrical ion trap (CIT) for up to several tens of
milliseconds’ This allows fragmentations at low energies an

Introduction

q The experimental technique of TPIMS has been described
n detail recently;” ****and only a brief description will be
enablgs the determination of “kjnetic shifts"Owing to the _given here. Pho)t?o-ionization isyinduced by a pFl)JIsed vacuum-—
long time-scale used, the experiment probes the energy regipg; |ignt source, either the Hinteregger discharge in hydrogen,
where fragmentation is in competition with radiative COOI'ng'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
8Archie and Marjorie Sherman Professor of Chemistry. ~20pus to 10 ms. The radio frequency (RF) of the potential

© IM Publications 1995, ISSN 1356-1049
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Figure 1. PIE curve for pyrene ions, without mass selection, Figure 2. PIE curve for pyrene parention CgH,,"" in the 7-13.5
in the 7-21.21 eV range. eV energy range. The arrows point to energies for which
there are maxima in the photo-electron spectrum of py-

rene.'®

applied to the cylindrical barrel electrode of the CIT is 0.5

MHIZ. (g)/tznt)ﬁ T?ehi;)n creatioAn pqlset_is a trlain .Of sho;t glt“s?hsgorn photo-electron spectroscdp¥he maxima of the photo-
appfied fo the light source. An eection pulse 1S applied {0 Mg e .o spectral bands are clearly discernible as pronounced
end-cap electrode of the CIT nearest the mass filter, and

detecti s i tina the | ter. The RF volt .c%anges in slope in the PIE curves (Figure 2).
etection puise 1s gating the ion counter. The VOtage IS \ve have studied three major reaction channels in pyrene

applied to the cylindrical electrode of the CIT throughout thqwamely M loss. H loss and consecutive’ Bbss, Reactions
whole cycle. The effective wavelength resolution employed is.,, 3) ’ ’ '

5.0 A. This corresponds to an energy resolution of ~ 0.02 e\/l)_
near the ionization threshold of pyrene (~ 7.4 eV) and of ~ 0.1 C16H§+ () + Hy 1)
eV near the fragmentation onsets. oy

A simple Knudsen-type molecular beam source for low- CieH10

volatility compounds constructed earfigvas used to study CleHg+ +H 2)
pyrene.

Mass-analyzed ion kinetic energy spectroscopy (MIKES)
studies and high voltage (HV) scans were carried outon a VG CleHé+ am +H (3)
ZAB-2F double-focussing mass spectrometer of reversed ge- The PIE curves for daughter ionghG* and GeHg™ from

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

yrene are presented in Figure 3 for t 484 The PIE of

st1s’ " is much weaker than that ofB8," below ~ 19 eV, but
rises sharply above ~ 19 eV. From the experimental PIE
curves, from RRKM/QET modelling (see below) and from

Results and discussion MS/MS studies (see below), we conclude that the daughter
ions GsHg'* come from two different reaction channels—par-

Time-resolved photo-ionization efficiency curves. aliel H, loss in the low energy range and consecutive H-loss

Experiment in the high energy range. The product ions were labeled

The total ion photo-ionization efficiency (PIE) curve for CieHs™* (1) and GeHg'* (Il), respectively. Figure 4 shows the
pyrene was measured over the photon energy range 7-21.2 #Weshold energy regions for these two reactions. There are
and the resultant curve is represented in Figure 1. It is donfieur well-established reaction channels which the benzene ion
nated by a strong resonance with a maximum at 17.1V. Qundergoes: H H,, CH, and GHs losses® Two major uni-
displays a similar resonance peak. This has been interjiretecholecular reactions, ‘Hoss and GH, loss have been studied
as being due to excitation of a collective plasmon resonandsy TPIMS in this laboratofyfor naphthalene and phenan-
which is a bound state embedded in the ionization continuunthrene. Minor reaction channels in naphthalene grk @nd

The parent PIE curve between 7 and 13.5 eV is presentét} losses:” The appearance energH) of CH, loss from
in Figure 2. The ionization energy, 7.40.| eV, is in excel- pyrene was published recertiyhis reaction was also ob-
lent agreement with available literature data 24602 e\?  served in our experiment, but was too weak for accurate
7.41 eV and 7.42 eV Higher ionization energies are known time-resolved measurements to be made.
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Figure 3. Experimental [(+)-CisHo", (¢ ) CsHg™*] and calculated Figure 4. Experimental H, and 2H" loss PIE curves in the
(lines) PIE curves for pyrene in the microsecond range (—24 microsecond range.
ys).
7 5 —
6 .
5|
a g
2 .
1
o L —— L
15 16 17 18 19 20 14 15 16 17 18 19 20 21
Photon Energy , eV Photon Energy , eV
Figure 5. Time-resolved experimental [(¢) 24 ps, (¢) 5 ms] Figure 6. Time-resolved experimental [(¢) 24 us, (¢) 10 ms]
and calculated (lines) C,;sH,* daughter ion PIE curves for and calculated (lines) C,;4Hg™" daughter ion PIE curves. See
pyrene. The PIE curves are in arbitrary units to scale. The caption to Figure 5 for normalization.

relative intensities of the experimental PIE curves of the
parent served to scale the experimental daughter ion PIEs.

kinetic shifts are clearly observed. Pronoungés are sum-

TheAEs of daughter ions were measured from PIE curvemarized in Table 1. ThAE for the H-loss channel in the
with and without ion trapping. Time-resolved PIE curves formicrosecond time range is in good agreement with the value
CieHs" at 24us and 5 ms are presented in Figure 5. We norby Jochimset al' The value for the Hioss channel is much
malized all the daughter ion PIE curves by the ratio betweelower than the literature value indicating that what was meas-
parent and daughter at 21.2 eV. Because of mass resolutiored is what we believe to be due to the consecutive loss of
problems, contributions from the parent ions to the mas&H® atoms.
positions of (M — H) and (M — 2H)" had to be subtracted at  The PIE curves for parent (8., *) and daughter (gHs")
long ion trapping time. Time-resolved PIE curves fgHE* ions are shown for two storage times over similar energy
at 24us and 10 ms are presented in Figure 6. Figure 7 displaysinges in Figure 9 (a, b). Several clear changes are observed
time-resolved PIE curves forg8g* (I) due to the Hloss  upon extension of the ion storage time: (1) The rising onset
reaction and Figure 8 shows time-resolved PIE curves fdor CGgHg* shifts to lower energies (as noted before in Figure
CiHg'™ (Il) for the consecutive Hoss reaction. Fairly large 5) and (2) the relative abundance qfHg" versus Hio*
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Figure 7. Same as Figure 6 but in the energy range up to 18
eV (H, loss only).

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

lon Reaction AEin eV (time)

CisHs ™ (1) (1) 15.2+ 0.2 (24ps), 14.2+ 0.2 (10 ms)
CieHo" (2) 16.2+ 0.2 (24ps), 15.2 0.2 (5 ms)
CiHs * (1) (3) 19.2+ 0.2 (24ps), 18.4+ 0.2 (10 ms)

increases. Similar observations were made for tHedd and
consecutive 2Hloss reactions.

14 15 16 17 18

Photon Energy , eV

Figure 9 (a). Parent CxH;o™" (¢) and CgHy" daughter (¢) ion
PIE curves at 24 ps. — experimental results; lines—calculated.

C,H, ()

16" '8

18 19 20 21 22

Photon Energy , eV

Figure 8. Time-resolved experimental [(*) 24 us, (¢) 10 ms]
and calculated (lines) CgHg™™" (11) daughter ion (2H" loss) PIE
curves. The experimental curves were obtained by subtract-
ing the contribution from the H, loss reaction. See caption
to Figure 5 for normalization.

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 betdiee micro-
canonical rate coefficient§E) were calculated as a function
of energy by an RRKM prograthThis was done for the three
reactions (1)—(3). Figure 10 shows the schematic potential
energy diagram for pyrene ion dissociation. The vibrational

5ms

14 15 16 17 18 19

20 21

Photon Energy , eV
Figure 9 (b). Same as Figure 9 (a) but at 5 ms.
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Figure 10. Schematic diagram of the postulated potential
energy curves for the pyrene ion dissociation. (energy values
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frequencies of the reactant iofy " were taken equai to
those of the corresponding neutf@l.Using the vibrational Photon Energy , eV
frequencies of the i had no marked effect on the results; Figure 11. Calculated breakdown curves for pyrene parent and
Vibrational frequencies of the transition states were varied tdaugher ions at 24 ps and 10 ms. CieHio™" ——; CieHo" — - - —,
get the best agreement with experiment. It is widely acceptedsts () --- -- ; CasHa (1) — - —.
that the details of the frequency changes in the transition state
are not very importarif,the important factor is the degree of
tightness or looseness of the transition state which is charaenergy deposition function. The vibrational energy distribu-
terized by a single parameter—the activation entropy at 100flon of gaseous gH;, at 425 K (the temperature of our experi-
K, AS 000 k- ment) is given in Figure 12. It is an almost symmetrical
When we modeled the consecutive ldss reaction we — distribution with a maximum very near the average internal
assumed that the*Hatom does not carry any energy. Theenergy 0.49 eV (shown as a vertical line). This average inter-
internal energy of gHy" was taken as the excess energy aboveal energy may contribute to the appearance energy of daugh-
the H loss activation energig,’ (see Figure 10). Time-re- ter ions. The photo-electron spectrum of pyféneas
solved parent and daughter ion breakdown curves were calcemployed as the first trial energy deposition function. This had
lated from the rate-energi(E)] dependences at 0 K; these to be modified somewhat. The Hel PES of pyfesteows a
give the internal energy dependences of the fractional-abusharp drop in the high energy range in which all the fragmen-
dances of the ions. The internal energy for the consecutive Htation reactions take place. We found that we could not model
loss reaction was shifted 85" when calculating its break- the consecutive reaction with the Hel PES as the energy
down curve. The breakdown curves can be converted intdeposition function due to its very low probability in the
time-resolved curves as a function of photon energy by addirthreshold energy range of the consecutive reaction. A modi-
the ionization energy of the molecule to the internal energyied PES, to which assumed contributions from auto-ioniza-
Calculated time-resolved breakdown graphs are presentedtion were added to the high energy range, was taken as the
Figure 11. Inthese calculated breakdown curves an additiona@hergy deposition function. Its fine details are related to the
parallel energy independent rate process representing radiest derivative of the PIE and are of minor importance, but it
tive decay in the infrared and/or collisional cooling was emwas demonstrated to give better agreement with experiment.
ployed, together with the dissociative rates. A similarThe energy deposition function employed is compared with
approach was applied previouslyhe radiative decay rate, the Hel PES in Figure 13.
which gave best agreement with all experimental PIE curves The resultant curves following convolution of the 0 K
in this study, is 4007% breakdown curves, as explained above, represent the calcu-
The 0 K breakdown curves were convoluted with the indated first derivatives of the PIE curves of ions, provided the
strumental slit function, with the calculated thermal energyhreshold law for photo-ionization is a step functiohhese
distribution at the temperature of the experiment and with theurves were integrated to compare them with the experimental
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EDF
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Vibrational Energy , eV Photon Energy , eV
Figure 12. Vibrational energy distribution of gaseous CgH, Figure 13. Comparison of energy deposition function (EDF)
at 425 K. The vertical line denotes the average vibrational used in RRKM/QET modelling (upper) and Hel PES® (lower).

internal energy.

time-resolved PIE curves and they are included in Figures @mparison of calculated and experimental kinetic shifts
and 5-9. The “conventional” kinetic shift (CS) is defined as the
The giantresonance peak in the parention PIE curves couticess energy required to observe detectable (1%) dissocia-
not be fit with the theoretical calculation as shown in Figuregion within 10us, appropriate for conventional mass spec-
9 (a and b). It probably originates from an auto-ionizatiorfrometer appearance energy measurenigfhe “intrinsic”
process of neutral superexcited states due to collentive kinetic shift (S) is taken as the energy needed for 10%
electron excitation. Auto-ionization may lead to an isolatedragmentation in competition with radiative relaxation of the
electronic state of the parent ion which does not internallgxcited ior’* The latter definition is appropriate for an ion trap
convert to the ground state, but may radiatively decay. It igppearance energy experiment unlimited by ion containment
very difficult to assess the contribution of this auto-ionizatiortime. Large kinetic shifts have been observed for naphthalene
process to the energy deposition function but from all th@nd phenanthreheCS for the acetylene loss from phenan-
evidence we have it has a negligible contribution to the fragthrene is 4.peV while IS is 3.2 eV? The kinetic shifts for
mentation processes. pyrene were calculated from théE) dependences of Figure
The activation parameters—the critical enerdigsand  14. The appearance energiésEg) expected for the Ids
activation entropieASiyk, Which best fit the whole set of range and for an ion trap experiment with unlimited storage
experimental daughter PIE curves—are summatrized in Tabie

2 together with the optimal values of the radiative (and colli- 20 -
sional) decay constants as well asdhelues, which repre-
sent the number of equivalent reaction pathways. Figure 14
represents our calculatlk@) dependences for the paralleland 10l
consecutive reactions in pyrene.
-
)
w
Nl
x ol H loss
=]
o from C, H°
: -10 |
Table 2. RRKM/QET parameters for pyrene cation fragmenta-
tion.
Reaction | E;(eV) | AS ek (eu)| Kea (S o 20 e
) 352 127 400 4 3 5 7 9 11 13 15 17 19 21
2) 4.60 +10.7 400 10 Internal Energy , eV
Figure 14. Calculated rate energy k(E) dependence for pyrene
®) 410 +13.3 400 ° ion dissociation.
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Table 3. Kinetic shifts for pyrene dissociation (eV). Table 4. Thermochemical data.

Reaction CS | IS | AE(10us calculated) AE (t -, calculated Species AH° (kI mol™) IE (eV)
(1) |6.29| 4.71 17.22 15.64 0K 298 K
2) 4.45| 3.64 16.46 15.65 CieH1o (pyrene) 246.9 216+ 1° 741
(3) |3.52| 2.86 19.63 18.97 CiHio " (pyrene) 962 931

CieHo" (pyrenyl) 1196

. ) CieHg " (1) <1307

time were calculated as well. The results are presented in Tabte

3. The experimenta#Es (Table 1) are lower than the predicted|C:eHs " (1) 1369

limits. This is reasonable since the experimental values wefg- 216.0 218.0

obtained at 425 K and contain a compensating effect due 1 ontresuls

the internal thermal energy of the parent ion. There iS COMgeterence 14.

paratively good agreement between the predicted vaiues and

the experimentahEs for the H loss and 2Hloss reactions.

A key parameter for interstellar chemistry is the internal

energy of the parent ion at the appearance energy ofa particu-

lar fragment ion.This internal energy was previously calcu-  Jochimset al' have assumed thBs decreases for the'H

lated fork = 10 s*and fork = 1 s’ and found to be 8.69 eV loss reaction as the PAH size increases. This assumption is

and 7.67 eV, respectively, for the ldss reaction in pyrene. incorrect sinc&, (and the ionic C—H bond energy) is 3.88 eV

Calculations were carried out using the RRK theory rathein benzen& while being 4.48 eV in naphthaleffewe find

than RRKM. Our calculated values are higher by 9.74 eV anthatEy is 4.6 eV for pyrene (Table 2). The charge site is highly

8.45 eV, respectively. In the RRK calculatiotie critical  localized in closed shellEls" compared with parent radical

energyE, was 2.8 eV, while our value is 4.6 eV (see Table 2)cation GsHys ¥ which has-delocalization of the radical and

which is more plausible for the C—H bond enérijye have  the charge over the large aromatic systeAn effect of the

recently determined again the critical energy for C-H bongbositive charge which weakens the aromatic C-H bond has

cleavage in naphthalertieand found it to be 4.48 é¥The  been noted, but as the aromatic framework is enlarged, this

pyrene system thermochemistry will be discussed in greateffect is attenuated.

detail below. The H, loss reaction has a low critical energy and a rather
The breakdown curves allow one to calculate cross-ovdight transition state withSF;40« = —12.7 eu (Table 2). This

energies (the energies at which the parent has dropped to 508dicates a four-center concerted reaction having a reverse

abundance) and cross-over shifts (the shifts of these valuastivation energy. We can thus only estimate an upper limit for

between the microsecond range and the long storage tirtlee heat of formation of " (I), AHe? < 1301 kJ mof.

chosen). The cross-over energy for pyrene ai2é 17.47  This upper limit is lower than the value deduced fgHE"

eV and the cross-over shift is 1.37 eV for the 5-10 mstimél) for either of two reasons: At least one of the values

range. deduced is incorrect or the two ions have different structures.

Further work is necessary in order to clarify this point.

Thermochemical information and reaction mechanisms

The activation parameters deduced from the modellindy!IKES and high voltage spectra
allow us to draw the schematic potential energy diagram Inthe HV scans performed on our ZAB-2F we selected the
(Figure 10). The Hloss reactions were both drawn as havingon CsHg'* (m/z= 200) and ran a spectrum of its precursors.
no reverse activation energies, i.e. loose transition state. Trhe result is presented in Figure 15. It demonstrates clearly
other words, the critical energies may be equated with thinat there are two precursor ions leading gbl€" in the first
corresponding C—H bond dissociation energies. This informdield-free region of the instrument, one is the pyrene molecular
tion, combined with additional thermochemical data (Tabléon (m/z= 202) GH., " and the other is the parent minus one
4), allows one to calculate the heat of formation of the fraghydrogen atom, gHs" (m/z= 201). The relative abundance of
ment ions. The heat of formation of pyrene at 0 K was calcuthe two processes (corresponding to Reactions (1) and (3),
lated from the 298 K valifeand from the pyrene frequendies respectively) is as expected from the PIE curvesfi;C (1)
using standard statistical mechanics methA#k? (CicHyo) and GsHg " (II), (see Figure 3).
= 246.9 kJ mol. Employing the ionization energy gives  The metastable peak shapes for the three reactions obtained
AH® (CigHi0*) = 962 kd mot. Since AH°(H) = 216.0 kJ by MIKES are given in Figures 16, 17 and 18. The peak shapes
mol?, we can calculate the heat of formation of pyrenyl catiorare not symmetrical because of mass resolution. The metas-
CisHo™AH (CgHo") = 1190 kI mot; in addition AH,®  table peak shapes for Hbss from GH,;* (Figure 16) and
(CeHg'* [11]) = 1369 kJ mot™. from GgHy" (Figure 18) are sharp pseudo-Gaussian, in agree-
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200" 1.0 - 1
W [202]*-[201]"+H"
>
=
[
c
2 o5
£
c
o
201* - 200" 0.0 . . . .
7760 7770 7780 7790 7800 7810
202" — 200*
Laboratory lon Energy , eV
Figure 15. HV scan of m/z 200 from pyrene. The daughter ion Figure 16. Metastable ion peak shape (second field-free
Ci6Hg™" (m/z 200) has two precursors—CgH;o" " (m/z 202) and region, ZAB-2F dissociation) for H” loss from pyrene. The
CigHo™ (M/z 201). normal parent beam passed at an energy of 7818 eV. The

metastable peak is obtained by scanning the electrostatic
energy analyzer (ESA) voltage.

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 consecutivédss reaction  cgnclusion
are 0.35 eV and 0.24 eV, respectively. These fairly high values , , ) ) .
are due to the large excesspenergyyrequired forythegdis:socia--We bel'leve this to be the first stgdy to dlffgrentlate the H
tions to occur in the microsecond time range, characteristic J“?SS reaction from'the'two consecutiveldsses in pyrene. we

the second field-free region of our ZAB-2F instrument. The'aVe deduced activation parameters for these reactions as well

kinetic energy releases are in qualitative agreement with tHf&® thermochemical information concerning their daughter

relative values of kinetic shifts for the two reactions (Table 3)'.0”,5' The C—H,bF’”d energy dedyced for t,he pyrene radical
The peak shape for the, Hbss reaction (Figure 17) is cation, 4.6 eV is in agreement with the rising trend of C-H

characteristic of a reaction with a tight transition state and 30nd energies with increasing PAH size. The value for

energy release for this reaction is 0.61 eV.

1.0 - 1.0 F - ]
[201]'-[200]"+H
[202]-[200]"+H,
2 2
7] 7]
c c
2 o5t S o5
£ £
c c
2 o
0.0 * ' : ) 0.0 . |
7700 7710 7720 7730 7740 7750 7760 7770 7760 7770 7780 7790 7800 7810
Laboratory lon Energy , eV Laboratory lon Energy , eV
Figure 17. Metastable ion peak shape for H, loss from pyrene. Figure 18. Metastable ion peak shape for consecutive H” loss
See caption to Figure 16. from C;¢Hy". The normal C,;¢Hy" passed at an energy of 7819

eV. See caption to Figure 16.
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pyrené* is very nearly the same as the value for neutral PAH,3. 1.V. Hertel, H. Steger, J. de Vries, B. Weisser, C.

4.8 eV®

14,
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A mass spectral investigation of ethylenediaminetetraacetic acid

M.E Duarte* and M.H. Floréncio

Faculdade de Ciéncias, Departamento de Quimica, Rua Ernesto de Vasconcelos, Edificio C1, Piso 5, 1700 Lisboa, Portugal.

Mass spectra of ethylenediaminetetraacetic acid (EDTA) were obtained using electron ionization (El), chemical ionization
(CI) and fast atom bombardment (FAB). Thermal degradation was observed in both El and Cl. It was nevertheless possible
to obtain reproducible spectra and characteristic peaks at 128 probe temperature. In FAB, protonated EDTA ions were
observed only if the matrix was acidified. Selection of matrices also influences the [M +*Hignal in acidic solution, the best
results being obtained with the matrix glycerol. The influence of pH becomes more evident for EDTA in HCI solutions of
different concentration. These results seem to indicate/an important role for protonated [M + Hspecies 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.

the intact EDTA molecule might be a drawback for obtaining
high quality spectra. This solubility problem may partly be

Ethylenediaminetetraacetic acid is a well-known chelatingesolved by the use of acitfs?
agent with many applications in analytical procedures, agri- A detailed investigation of the experimental conditions has
culture, pharmacology and industry. The chemical and physbeen undertaken in order to optimize the experimental tech-
cal properties of EDTA and EDTA complexes as well as theinique for this type of compound. It has been widely recog-
applications have been extensively studied (see for examphtézed that the nature of liquid matrices determines the
References 1-4). The unequivocal importance of the use efuttering and ionization yields and hence the overall charac-
EDTA as an additive in many applications and a possible nedéristics of the spectrd.For some analytes, the addition of
for its identification explains our interest in studying theacids to the solvents under FAB conditions frequently en-
behaviour of this compound by mass spectrometry, usingances the generation of [M +*Hbns observed in the spec-
different ionization techniques. Mass spectrometry is knowira®*3In order to study the influence of the matrix and the
to be an extremely sensitive and versatile analytical tookddition of acids, several widely used matrices have been
Studies of EDTA by this technique are, however, ¥d&f€he  selected and, in the case of glycerol, different experiments
interpretation of the results has in fact been hampered wvere carried out adding hydrochloric, oxalic and acetic acids.
electron impact studies by a strong component of thermal
degradatios. With respect to fast atom bombardment (FAB)
studies, these have been carried out either on EDTA corgxperimental
plexe$ or using EDTA in its salt forrf?

First, we used electron impact, the most common ioniza- The experiments were performed on an AEI MS9 mass
tion technique, and, due to the possible influence of thermalpectrometer which had been updated by VG Analytical.
degradation, we examined its behaviour as a function of proliglectron ionization was performed with 70 eV electrons, 200
temperature. As expected, thermal degradation occurred whegi trap current and a source housing pressure GfTHlr.
EDTA was studied in the positive chemical ionization modeFor the Cl experiments a low electron energy of 45 eV was
Fast atom bombardment mass spectrorhétrstill the tech-  used since it proved to be the most suitable in agreement with
nique most widely used for the characterization of non-volaprevious reports in the literatuteThe emission current was
tile and thermally-labile compounds that are not amenable #30pA and the source housing pressure wag Tdlr. The
electron impact or chemical ionization methods. The behaweagent gas used was NHhe source temperature used was
iour of EDTA was, therefore, also examined under FAB20C°C for both El and CI.
conditions. This technique proved to be the most suitable for The FAB mass spectra were obtained by bombardment of
the identification of this compound. The lack of solubility of the target surface by a beam of energetic xenon atoms pro-

Introduction

© IM Publications 1995, ISSN 1356-1049
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HO,CH,C CH,CO,H HO,CH,C CH,CO,”
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Figure 1. Mechanism for the ionization of HyY?* and H;Y™ ions.
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Figure 2. El mass spectra of EDTA at probe temperatures

of (a) 50°, (b) 100°, (c) 125° and (d) 150°C.
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Figure 3. Cl mass spectrum of EDTA. Reagent gas NH.

Ao the peaks obtained at°8Q) low intensity peaks at higher
masses may be found at 100°C [Figure 2(b)]. With the probe
temperature at ISC [Figure 2(d)] peaks up tm/z171 are

more intense than at 1W0. The same does not apply for
higher masses for which the ion abundance seems to be rather
c8onstant. At higher temperatures the compound did not come
out. We tried therefore an intermediate temperature;@25
tLFigure 2(c)] which proved to be the best one. Reproducible
'spectra were obtained at this temperature and the peak corre-
sponding to the molecular ian/z292, 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 1€5robe temperature.

duced by an lon Tech FAB gun operated at 7 keV and 0.6 m
The ion source was maintained at@0Absolute amounts of
about 1Qug EDTA were added to the matrix on the target.
Where applicable, 1l of acid was added to the sample on
the probe immediately before probe insertion.

In all the experiments the ions were accelerated through
kV.

The chemicals were obtained commercially and used wit
out further purification.

Results and discussion

EDTA, commonly abbreviated as,¥{ ionizes in acidic

solution to the speciess¥* and HY?'.!! In strong acid Positi o

. . . . ositive chemical ionization
solution both HY* and HY?'species exist and the mechanism

for the ionization of these species is represented in Figure 1. 1ne chemical ionization mass spectrum (Figure 3) ob-
tained with ammonium as the reagent gas, does not show any

Electron impact

In an attempt to study EDTA by electron impact mass
spectrometry, we performed several experiments at different ) o
probe temperatures, since it has been proved that EDTTRble 1. Relative abundances (%) of EDTA ionsin NH; Cl mass
undergoes thermal degradatfon. spectra.

The mass spectra recorded at four temperatures are shown mizl 217 173 160 159
in Figure 2. As it may be seen, at6(Figure 2(a)] the most
intense peaks are at'z18, 28 and 44. The peaksnatz18 | With probe
and 44 corresponding to {8]" and [CQ] ™, respectively, are | without probe 242 50 2.4 4.9
characteristic of thermal degradation. Nevertheless, mass
spectrometric fragmentations cannot be ruled out. In additioff"Pe reinsertion 18.6 7 31 42

26.6 5.5 2.1 4.1
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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.

peak at the characteristic masses of chemical ionization [M 5ast atom bombardment

H]*, [M — H]" and [M + NH]*. The more intense peakratz
217 appears to originate from protonation ofrtife216 ion

observed in all El spectra.

probe was reinserted, the intensity of the peakz217 never

FAB analyses of EDTA in several matrices do notyield [M
+H]* ions or any ions indicative of the analyte molecule.

EDTA is barely soluble in water (0.5 g/100 ml af@p

In order to investigate a possible contribution from thermahnd usually insoluble in most solvents. We decided therefore
degradation processes, a probe withdrawal experiment wésadd some acid in order to overcome the solubility problem
performed. The intensities of the ionswk159, 160, 173and and to facilitate the protonation of this molecule.
217 were monitored whilst the probe was withdrawn and then Matrix liquids such as diethanolamine, triethanolamine,
reinserted with no further addition of compound. When theylycerol, thioglycerol andn-nitrobenzyl alcohol were tried

with and without acid. The FAB mass spectra of EDTA in

regained its value prior to withdrawal whereas the intensitiehese matrices, acidified with concentrated HCI, are shown in
of the peaks an/z173, 160 and 159 surpassed their originalFigure 4. A significant increase in [M + Hpn abundance

values (Table 1). These observations suggest that/g#l7

may be observed when the matrix is selected in what appears

ion is only formed in a mass spectrometric process. For the be the following order triethanolamine < diethanolamine <
otherionsm/z159, 160 and 173, a contribution from thermalm-nitrobenzyl alcohol < thioglycerol < glycerol. This order is
in agreement with surface tension measurements performed

degradation is operative.
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on EDTA solubilized in the acidified matricEsThe surface
tension decreased from glycerol to triethanolamine in therationofprotonateddY * species in strong acid solutiofts.
same order. The increased ion signal when the surface tensionThe influence of pH becomes more evident from the
is raised suggests that surface activity effects may also playresults obtained for EDTA in HCI solutions at different
role in the production of [M + H] Our results agree with the concentrations. The addition of 0.1M HCI to the FAB
findings of Takayamat al,'®* who suggest that the use of matrix resulted in the appearancerofz 293 ions corre-
hydrophilic matrices favours [M + Hproduction compared sponding to the protonated molecule. These ions were nev-
to the use of hydrophobic matrices suchmagitrobenzy! — ertheless not very abundant, as may be seen in Figure 8
alcohol. where glycerol was the matrix compound used. When in-
Since the overall results obtained with glycerol in“acidiccreasing the concentration of HCl up to 1M, the mass
solution were comparatively better than those with the athespectrum shown in Figure 7 was obtained. The relative [M
matrices with respect to the ion intensities from the analyte; H]* signal improves by approximately a factor of 10.
the results presented here are only using glycerol as the matribigure 9 shows the result of adding concentrated HCI.
The effect of the addition of three acids of differentWhen concentrated HCI is used the [M + Hjgnal is
strength to EDTA in glycerol was investigated. The masgnhanced two-fold with respect to 1M HCI.
spectrum of EDTA in glycerol when 1M acetic acid is added These experiments seem to emphasize the important role
to the matrix may be seen in Figure 5. All the peakfprotonated [M + Hspecies in solution prior to FAB analy-
observed are characteristic of glycerol whereas EDTAses.
peaks are absent. The mass spectrum obtained with the The known presence ofsM?* species in strong acid solu-
addition of 1M oxalic acid is shown in Figure 6. Besidestions prompted us to investigate whether this doubly-charged
the characteristic peaks of glycerol and oxalic acid, thepecies could be observed in the FAB mass spectra. The
protonated molecule [M + H]at m/z 293 may be found, spectrado not provide, however, any evidence for the presence
although it was in small abundance. When the acid addeaf the doubly-charged speciegd*, which is not unexpected
was the stronger hydrochloric acid the mass spectrum isince multiply charged ions have very seldom been ob-
Figure 7 was obtained. The enhancement of the [M*+ H]served-’'®Moreover, it has been argued that FAB mass spec-
signal is evident. From these results it may be concludetta should reflect solution composition but in the absence of
that the protonation of the molecule is more effective in HChide effectd?
than in oxalic acid and absent when acetic acid is used. It The acid effect observed seems to be mainly a solubility
is reasonable to attribute this effect in part to a dependenedfect whereas surface activity may also play a role. We intend
on acid strength. A possible explanation could be the gene investigate further these aspects in the near future.
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Fast atom bombardment and electrospray tandem mass spectrometry.
Some fragmentation reactions in cyclic nitramines studied using
collision-induced dissociation

Veronica Borrett*, lan J. Dagley and Michael Kony

Aeronautical and Maritime Research Laboratory (AMRL)-DSTO, PO Box 4331, Melbourne, Victoria 3001, Australia.

Thomas Blumenthal

Department of Chemistry, The University of Adelaide, Adelaide, South Australia 5005, Australia.

The initial fragmentation pathways of some cyclic nitramines containing nitroguanidine and/or secondary nitramine groups
were identified by fast atom bombardment (FAB) ionizaticn  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 + N£" 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 oftH NO, 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 (nitroguanidines). The partially nitrated analog@s-5b
) ~ were examined as nitric acid salts. The acid salts are also
The mass spectral fragmentation pathways of cyciic nigyitable for analysis using electrospray ionization (ES) mass
tramines have been studied using a variety of technigues QE)ectrometry. This technici# has been recently developed,
varying analytical utility. Like most explosives, cyclic ni- largely as a result of the pioneering work of Fehal'2“ts

_trar_nlne_zs ?re hgat-labne ar?d are easily decomposed priof Hﬁlity as a method for analyzing high molecular-mass biopo-
ionization* Their electron impact (El) spectra are charac

. X “““lymers and, more recently metal compleXe$,has been
terized by low abundances of molecular ions and many ion

. . ) . emonstrated; however, few studies of low molecular-mass
in the low mass regichwith the fragmentation pathways ani moounds hav. red. More recently the ESMS
observed under these conditiori®f interest because of their organic compounds have appeared. viore recently the

possible correlation with thermal decomposition pathvdys. of some explosives, including HMX, have been obtained in

Fragmentation can be reduced using chemical ionization ar]iBe negative ion modé@ An intrinsic feature of softer ioniza-

pathways have been determined by recording mass analyztéfw techniques, such as ES, is that the mass spectra tend to be

ion kinetic energy (MIKES)/collision-induced dissociation Simple with most of the ion current in the more diagnostic
(CID) spectra in both the positive and negative ion métes. h|gher mass fragments, facilitating MS/MS studies of these
Useful information on molecular mass and relatively simpldons- ]
spectra have also been obtained using field ionization and field We now report the first tandem mass spectrometry
desorption techniqués. (MS/MS) study using FAB and positive-ion ES ionization
We have found fast atom bombardment (FAB) a particutechniques with explosives, and the determination of some
larly useful technique for obtaining analytical information onfragmentation reactions of molecule-fragment adducts, pro-
the cyclic nitraminesl-5 (Scheme 1). These cyclic com- ton adducts and daughter ions of the cyclic nitramifies) (
pounds contain nitro groups attached to secondary aminesd nitroguanidine (NQ) which served as a useful model
(secondary nitramines) and/or the imino group of guanidinesompound.

© IM Publications 1995, ISSN 1356-1049
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Experimental and the synthesis of compoun8l®nd5 is described else-

L ara22
Fast atom bombardment collision-induced mass spectranue'
(FAB CID MS/MS) were obtained with a VG ZAB 2HF (VG
Instruments) mass spectrometer. FAB conditions: current Results and discussion
mA, accelerating voltage 8 kV using argon gas. The pressure ) o o )
of argon in the second collision cell was measured outside the® SPectra of nitroguanidine (NQ) and cyclic nitramines
cell as 2x 107 Torr which reduces the main beamdy 0%, = 1. 2a-5a
equivalent to single collision conditions for the purposes of The FAB mass spectra of nitroguanidine and the cyclic
this investigation. The samples for FAB were dissolved in amitraminesl, 2a—5aall gave protonated molecules. The rela-
appropriate solvent and mixed with a matrix (glycerol oitive abundance of these ions varied from less than 4%afor
3-nitrobenzyl alcohol). and5ato 31% for3a. The fragment-molecule adduct ions,
Electrospray mass spectra were obtained using a VG QudiH + NO,]* (m/z 308) and [MH + NOj (m/z 292), were
tro mass spectrometer (VG Biotech, Altrincham, UK). Theobserved in the FAB spectra 8. Formation of fragment-
samples (100 pmallY) were dissolved in water/acetoni- molecule adduct ions for other cyclic nitramines have been
trile/formic acid (50 : 50 : 1), which was also used as thereviously observeéd® in electron impact, and positive and
mobile phase. The samples were injected directly into theegative chemical ionization modes. Daughter ions of the
spectrometer viaan ISC (Lincoln, NE, USA) SFC-500 syringgirotonated molecules (Table 1), molecule-fragment adducts
pump at a flow rate of il min~%. A dry nitrogen bath gas ai” (Table 1) and some major fragment ions (Table 2) were
atmospheric pressure was employed to assist evaporationdagtermined by CID. The abundances of the daughter ions are
the electrospray droplets. The electrospray probe tip potentiekpressed as a percentage of the most abundant fragment ion.
was 3.5 kV with 0.35 kV on the chicane counter electrode. Fragmentation of the proton adduct of the model com-
The voltage of the first skimmer electrode (B1 voltage) wagpound, nitroguanidine, commences predominantly by loss of
between 40 V and 60 V, as indicated. The second quadrupdieO, with competing smaller losses of NO and,NOnder
of the triple quadrupole instrument was used as the collisioBl conditions the initial fragmentation of nitroguanidine in-
region with argon used as the collision gas, at a pressure thatlves only loss of NO and N@* however, the analogous loss
gave approximately a 50% reduction in the parent ion aburef OH is a minor pathway in the fragmentation of some
dance. The collision energy used for each experiment is indsecondary nitramines under El conditiéns.
cated in Table 3. The initial fragmentation of the protonated monocyclic
Nitroguanidine was obtained from a commercial sourcenitroguanidinel also involves competing loss of,®, NO,
compoundd, 2and4 were prepared by literature meth&ds and to a lesser extent loss of NO. The loss of 14 u from this
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Table 1. FAB daughter ions (CID) from molecule-adduct ions Table 2. FAB daughter ions (CID) from major fragment ions.

of NQ, 1 and 2a-5a.
Relative
Relative Com- abundancse
abundance pound Parent ion (P) Daughter ion | (%) FAB
Compound Parent ion (P) Daughterion | (%) FAB N
2b [MH - NOJ* 156|138 [P —HO]" 88
NQ [MH]* 105/ 87 [P-HO]' 100 139 [P — OHJ 100
75 [P —NOJ 13 126 [P — NO 32
67 [P —38] 14 114 [P — HNC=NH] 20
59 [P -NQJ* 13 [MH—NO2]* 140{139 [P - H] 100
. 126 [P —14] 9
1 [MH]" 131|117 [P - 14] 100 123 [P — OH] 80
113 [P -HOJ" 75 113 [P — HCNT 17
101 [P -~ NO]J 35 112 [P - 28] 12
85 [P-NQJ" 75 98 [P — HNC=NH] 85
2a [MH] " 231|213 [P - O] 100 3a [MH —NOgJ* 217|171 [P -NQJ® 100
185 [P —NQJ” 97 125 [P - 2NGJ* 40
141 [P - (NQ)N,O] 70 129 [P — CHN,O,]* 30
139 [P - 2NQ|" 40 199 [P - HO]* 40
+ 98 [P — HCNO,]* 20
3a [MH + NO2]"~ 308|248 [P — 2NO]+ 15 83 [P — CHNLOJ" 25
. 216 [P —2NQ] 100 [MH - 2NO2]" 171|125 [P -NQ]" 100
[MH +NO]" 292(274 [P —HOJ' 18 79 [P - 921 25
246 [P —NQ] 18 [MH — CH2N404]" 129|111 [P — HO]" 100
233 [P -59] 15 115 [P - CH' o5
200 [P - 2NQ]* 100
N . 3b [MH - NO2]* 172 155 [P — OH] 17
MH] " 263 217 [P -NgJ" 100 145/146 [HCNJ[CN]*| 80
171 [P —2NQ) 50 126 [P - NQJ* 100
129 [P — CHN,O,]" 5 109 100
125 [P —3NQ]" 3 97/98 12
4a MH]* 191|176 [P - 15] 14 84 [P — CHNsO;]" 65
173 [P —HOJ" 70 5b [MH — OH]* 271| 253 [P — KOJ* 57
161 [P —NO] 18 241 [P —NOJ 87
145 [P—NQ]*+ 100 225 [P—NQJ* 100
99 [P -2NQ] 50 179 [P -2NQI* 39
5a [IMH]* 377|360 [P - OH] 100
347 [P —NOJ a4
331 [P -NQ]* 30

pathways from the protonated bicyclic compo@adire loss
of all three NQ groups to give an ion of/z125, and loss of
~. ~ the QNNCH,NNO, fragment to give a monocyclic ionwiz

ion is an unexpected result indicating the loss of N o3, CH X - ’ ) ]
and requires further investigation®and NQ losses are also 129. This latter decomposition route provides information
)}gseful in structural elucidation.

the dominant fragmentation pathways of the protonated bic g ) ,
The [MH — NQJ* ion of m/z217 in the spectrum &ais

clic bis-nitroguanidinea. The less intense fragment ion-of k i - A
m/z139 arises from loss of two N®agments. The ion ofi/z formed by two competing pathways since its daughter ions of

141 probably results from loss of N@nd NO. The rear- m/z 83 and 129 (Table 2) are due, respectively, to loss of

rangement reaction that results in the loss & Would give - O2NNCH.NNO; (from the ion formed by loss of NGrom

the corresponding cyclic urea as the stable production.  the nitroguanidine group) and loss of NSO, (from the
Compound8a, 4aandsacontain both nitroguanidine and ion formed by loss of N(From a secondary nitramine group).

secondary nitramine groups.3aand4athe dominant frag- Another low molecular-mass daughter ion'98) from the

mentation pathway of MHis loss of NQ, with ions of half [MH —NO]"ion probably arises from loss of two N@oups

this abundance resulting from loss of two NfPoups; loss of and HCN. Other daughter ions are formed by loss of one and

NO, also occurs ia, but as a minor pathway. The Midn  two NO, groups, and k0.

of 4a shows a major fragmentation pathway involving loss of The molecule-fragment adduct ions, [MH + NGind

H,O and to a lesser extent the loss of NO. In contrast, the majiviH + NO2]*, observed in the spectrum of compoBadboth

fragmentation pathway for compouBawas loss of OH. This  fragment predominantly by loss of two h@roups. The latter

compound %a) was the most difficult to analyze using FAB adduct ion fragments to a lesser extent with loss of two NO

and gave very weak high molecular-mass ions, however, dgroups, and with kD and NQlosses occurring from the [MH

plicate analyses supported the observed loss of OH. Minar NOJ* ion.
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Table 3. Daughter ions (CID) from molecule-adduct ions (FAB) and protonated
molecules (FAB and ES) of the nitric acid salts of 2b-5b.

Compound Parent ion (P) Daughter ion Relative abundance (%)
FAB ES*
2b [MH +NOJ* 216|198 [P — O] 100
186 [P —NOJ 38
170 [P -NQ]* 16
[MH]+ 186|168 [P —HOJ" 16
156 [P —NOJ 5
143 [P — CHN,]" 15
142 [P - NOJ* 37
140 [P -NQ]* 100 100
100 [P —NCNNQJ* 16
97 [P — NO CHN,]* 5
94 [P—92] 57
93 [P - 93] 48
71 8
45 37
3b [MH + NO2]*  264| 172/[P = 2Ng" 100
126 [P —~3NQ]" 4
109 3
84 [P — NQ CH,N,0,]* 3
[MH +NOJ* 248| 202 [P —N@* 100
156 [P—=2NQ]" 85
126 [P —NO 2N@|* 4
84 [P - NO CHN,O,]" 4
[MH]+ 218|172 [P -NQ* 100 100
109 3 19
84 [P — CHN,O," 4 19
126 [P -2NgQJ* 4
ab [MH] " 146| 132 [P —14] 8
128 [P - HOJ" 15
125 [P 21] 7
117 '[P - HC=NH]" 25 6
100 [P -NQ]* 100 100
73 [P — NGQHCN]* 20
42 [CHaN]" 15 55
30 [NOJ 15
5h [MH+ NO2]* 333|316 [P - OH] 20
288 11
272 21
241 [P—2NQ]" 100
195 [P -3NQ]" 10
[MH]* 287| 270/ [P = OH] 15
241 P ~NQ* 43 13
195 [P -2NQJ* 100 50
99 [P - NQ C;H,NsO,]* 16
98 [P — NQ C3HsNs0,]* 100

®Skimmer voltage and MS/MS collision energy, respectively,efach compound areb
(60V, 20 eV);3b (40 V, 20 eV)4b (50 V, 50 eV); andb (50 V, 20 eV).

FAB and ES spectra of the nitric acid salts of cyclic of the [MH]" peaks in the FAB spectra varied from 100% for

nitramines 2b-5b 3b to around 50% fa2b, 4band5b. Their relative abundance
Both the FAB and ES mass spectra of the acid salts afi the ES spectra of the acid salts varied from 35%lfdo

2b-5b show abundant protonated molecules. The intensitie4% for5b and is dependent on the skimmer voltage which
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is quoted in Table 3 (increasing the skimmer voltage ma [MH - NO,]*
cause CID inits vicinity where the pressure is close to atmo: o m
pheric). Typical examples of these are the mass spe@ta of =
obtained by (a) ES at B1 = 40 V and (b) FAB, given in Figure g
1. The ES spectra are much simpler than the FAB spectr (a)
showing less fragmentation and less chemical noise, with trfzj
FAB spectra being complicated by the ion current contributiol g
of the matrix. & [MH]*

Molecule-fragment adduct ions were not detected inthe E oy
spectra but [MH + Ng* and/or [MH + NO} adduct ions are
present in the FAB spectra 2b, 3band5b. The ion ain/z
256 in the spectrum &b is presumably due to [MK]from o »
potassium ions incidental in the system. The daughter ior ol /\ e |1V |
derived from the protonated molecules as well as the mol oI 1w e e
cule-fragment adducts (Table 3) and some major fragment
ions (Table 2) were determined from CID spectra. The abur 1o
dances of the daughter ions are expressed as a percentag::
the most abundant fragment ion.

The compounds contain cyclic nitroguanidine gro@is { ol 126
and4b) or secondary nitramine groug@b(@nd5b) in combi- ok . 1 109
nation with protonated cyclic secondary amifb) (or cyclic il -Lhuu ‘;L-”-lh B hll , |
guanidine groups. The FAB [MHJjons and molecule-frag- 0 50 100 150 200
ment adduct ions decompose largely by reactions of the cycl 2
nitramine groups. These reactions typically involve icss ohgure 1. Mass spectrum of compound 3b (a) ESMS, (b)
nitro group(s), some losses ofHand less frequent examples gag-ms.
of loss of nitroso groups (see discussion above). The cleavage
of the QNNCH,NNO, observed foBais also a minor reac-
tion of the structurally related sa{) and occurs in combi-
nation with loss of adducts to give th€z84 ion. A number
of ring fragmentation reactions of [MHyive rise to minor
daughter ions and some examples are: loss of HB&H — of O,NNCN from2b, and loss of both NQand HCN to give
fragment from the secondary amide, loss of NO and them/z73 ion in the spectrum db.
guanidine from2b to give them/z97 ion, decomposition of
3b tom/z109 (probably ¢H;Ns) and5b to m/z99 (probably
C:H;N,) which may be monocyclic guanidines. Conclusions

Fragmentation reactions of some major daughter ions de- Fast atom bombardment was found to be a useful technique
rived from some [MHjions, under FAB conditions, were aiso for the characterization of several cyclic nitramines, including
examined (Table 2). Significant new fragmentation reactiongome examined as nitric acid salts of amines. Protonated
observed are: loss of HNC = NH from the ion&156 and  molecules, and in some cases adduct ions with NO and/or
140 derived fron2b, and loss of HCN from cyclic guanidine NO,, were observed. The main fragmentation reactions of
ions 0fm/z140 (from2b) and 172 (fron8b). these ions and major fragment ions typically involve loss of

Daughter ions formed from the Mtibns of2b—5bunder  nitro group(s), some losses of®iand less frequent examples
both ES and FAB conditions are compared (Table 3). The E& loss of nitroso groups. The minor ring fragmentation reac-
spectra differ significantly since no ions corresponding taions compete more effectively with these nitramine decom-
losses of HO or NO were observed. An elimination of0N  position reactions in the fragmentation reactions of the nitric
from the nitroguanidine i@b is observed in the ES spectrum acid salts. These nitric acid salts also give similar useful
and the similar fragmentation observed in the FAB spectrurgpectra under ES conditions. Differences arise because no NO
for 2a has been discussed. Loss of Ni® the dominant or NO, adduct ions or losses of eithesqHor NO from MH
reaction under both ES and FAB conditions. Ring fragmentaens occur in the ES spectra. Some differences in some ring
tion of [MH]" ions was also observed under ES conditions. Ifragmentation reactions were also noted.
particular, the major initial fragmentation pathway iy
involves the loss of 189 u, presumably due to fragmentation
of the pyrazine ring (P—E:N:O,) together with loss of the Acknowledgements
second N@ group. A similar transition was observed as a The assistance of Dr R. Colton (La Trobe University), and
minor peak in the FAB spectrum 8b. Some ring fragmen- Dr M. Shiel and Mr Larry Hill (University of Wollongong), in
tation reactions not observed under FAB conditions are logserforming the ES experiments is gratefully acknowledged.
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Fast atom bombardment mass spectrometry of new polydentate Schiff bases.
3. The case of mono- and bis aldimine containing benzo-5-crown-5 groups

Elvio Bullita, Sergio Tamburini, Pietro Alessandro Vigato

Istituto di Chimica e Tecnologie Inorganiche e 'dei Materiali Avanzati, Corso Stati Uniti 4, I-35020 Padova, Italy.

Massimo Carbini

Istituto di Chimica Industriale, Facolta di Ingegneria, via Marzolo 9, 1-35100 Padova, Italy.

Silvia Catinella and Piero Traldi*

CNR, Area di Ricerca, Corso Stati Uniti 4, 1-35020 Padova, Italy.

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.

as suitable chelating agents for alkaline or alkaline-earth ions

has been attributed to several factors, including the goodness
It is well known that Schiff bases can easily coordinateof fit of the cation in the ligand cavity and the nature and the

metal ions, giving rise to stable complexes. These ligands hagdape of the donor set.

been employed in the study of stereochemical, electronic, The fusion of the Schiff base and crown-ether properties

Introduction

magnetic and catalytic properties of metal complékésre- — into a unique entity can give rise to polynucleating ligands
over they have successfully been proposed as models of thith different coordination chambers in close proximity. These
active sites of metal-enzymés. systems can incorporate suitable d-metal ions into the Schiff

In the recent past macrocyclic, macrobicyclic andbase sites and non-transition or f-metal ions into the crown-
macroacyclic compartmental Schiff bases have been preparether sites. The coordination of a metal ion into the crown-
in one-step multiple condensation reactions of suitable formydther cavity can considerably modify the physico-chemical
or keto- and amine precursofsThe insertion of additional (electrochemical, optical, magnetic) properties of the metal
donor atoms (S, P, O, N) into the coordination moiety of thesimn bound to the Schiff base system and the mutual interaction
systems can be tuned, in order to make them suitable atittough the ligand of the two metal ions can be applied to the
selective for particular ions, especially transition metal ionsdevelopment of molecular devices. To this end we have pre-
Moreover emphasis was placed on ligands incorporating oxypared a series of Schiff bases containing crown-ether by
gen donor atoms, such as crown-ethers, which are consideremhdensation of the appropriate formyl- or diformyl- precur-
good ligands for non-transition metal ions, especially alkalinsors with 4-amino-benzo-5-crown-5. In particular the reaction

or alkaline-earth ion's. of the formyl or diformyl derivatives 2,3-dihydroxy-benzal-
Many papers have been published on the ability of thesgehyde, 2-hydroxy-3-methoxy-benzaldehyde, 2,6-diformyl-
macrocyclic ligands to mimic ion encapsulation and transpodt-methylphenol, 2,6-diformyl-pyridine and

of natural systems. The ability of these synthetic ligands to a2 -(ethylenedioxy) dibenzaldehyde withldenzo-5-crown-

© IM Publications 1995, ISSN 1356-1049
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5 in methanol forms the compountis5 as white-yellow, detected in the second field free region by MIKE spectrome-
yellow or red solids in high yield. The compounds are” aittry.® Accurate mass measurements were performed by the
stable and soluble enough to allow their characterization byeak-matching technique at 5000 resolving power (10% val-
!H- and'*C-NMR, using CDGJ or DMSO-q as solvents, in ley definition).

addition to their identification by elemental analyses and IR

spectroscopy.All these data agree with the formulation of compounds

pure mono- or bis-aldimine derivatives, as proposed in The formyl derivatives (2,3-dihydroxybenzaldehyde, 3-

Scheme 1. o ; : .
. 1ethoxysalicylaldehyde, 2,6-diformyl-pyridine, 2(Bthyle-
Mass spectrometry has been proved to be a partlcu!armd- 4 d'g ﬁlj hvd y ptyh (Bthy :
lid analytical tool for the characterization of either Schi*‘fr £ |pxy) 1benzaldenyae, ° ammne
\éa thef 40 both tast atom bombard "t4»-am|no-benzo—5—crown—5 and the solvents were commercial
ases or crown-e oth cases 1ast atom bombardmen roducts (Aldrich Chimica, Milan, Italy) used without further

proved to be the best ionization method, leading to the e‘aﬁ’urification

production of molecular species and fragment ions well re- A-methyl-2,6-diformylphenol was prepared according to

lated t(?[ rt]he sg]ucture. Pursutlng on:r_ mbterr]est_ In th'fs fiekd, the literaturé? Its purity was checked by elemental analysis,
present here the mass spectrometric behaviour of compoungs | MR spectroscopies and mass spectrometry.

1-5as obtained under FAB conditions and by metastable ion Compoundd—5were prepared by the reaction in methanol

studies. of the appropriate formyl- or diformyl-precursor with 4-
amino-benzo-5-crown-5, respectively, ina l1:1or 1: 2 (for-

Experimental myl : amine) molar ratio. T_he resultir_wg white, yellqw or
yellow-orange or red solution was stirred for 30 min and

Mass spectrometry refluxed for 20 min. Compound precipitates as a red solid

All measurements were performed on a VG ZAB2F masby partial evaporation of the solvent under reduced pressure.
spectrometér (VG Analytical, Manchester, UK) operating Compound®—4 precipitate from the methanol solution. The
under FAB conditiorfs(8 keV xenon atoms bombarding a red-brown solution containing was evaporated to dryness
glycerol solution of the samples). Metastable transitions werender reduced pressure. The oil obtained was dissolved in
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Table 1. FAB mass spectra and mass analysed ion kinetic energy spectra of FAB-generated MH™ species of compounds 1-5.

Compounds 1 2 3 4 5
lonic species FAB MIKE FAB MIKE FAB MIKE FAB MIKE FAB MIKE
M+ H]* 404 (38) 418 (100 695 (11 666 (34) 801 (100)
[M — C.H,OT 360 (5) | 360 (53)| 374 (7)] 374 (47) 651 (3) 651 (1) 622 (3) 622 (80)
[M = CHgO,]" 316 (2) | 316 (100) 330 (5)| 330 (10p) 607 (3) 607 (31) 578 (4) 578 (1L0O)
[MH — C¢H1,04]" 272 (5) | 272 (90)| 286 (9)| 286 (92) 563 (5) 563 (100) 534 (4) 534 (72)
[MH — CeH1,0.]" 256 (4) | 256 (5)| 256 (3)| 256 (40
[MH — C;H.,04" 549 (4) | 549 (52)] 507 (2)| 507 (21)
[MH — CgH1¢04]" 535 (2)
[MH — CgH104]" 519 (3)
[MH — CH;0]" 665 (5) | 665 (30)
1 428 (2) | 428 (23)
2 414 (2) | 414 (72) 384 (3)| 384 (83)
3 373 (2) | 373 (59)
4 (a) 414 (56) | 414 (100
[CeH1404]™ 134 (20)| 134 (3)| 134 (15] 134 (1) 134 (140) 134 (1) 134 (5) 134 (41)
[C4HsOs] ™ 88 (100)| 88 (5) | 88 (70)| 88 (3) 88 (2) 88 (7 88 (35) 88 (2)
[a-CH,0]" 370 (7) | 370 (14)
[a-CHs0,]" 326 (6) | 326 (31)
[a—CsH1204" 282 (3) | 282 (19)




68 FAB Mass Spectrometry of New Polydentate Schiff Bases

(a) s 88

87

m/z 243 44
f ‘45
2 | L
T e,
(b) 88
87
60 83
73
0 28 59
Ev
Scheme 2.

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).

CHCI; and clarified by activated carbon. The solvent was

evaporated under reduced pressure and the residue obtained _ o
was treated with ethanol and diethyl-ether. The compoundi€ €asily seen, the spectra are very different. While in the case

1-5 obtained as yellow or yellow-orange or red solids, wer@f M™" of dioxane the loss of GR leading to ions an/z58
filtered, washed with methanol or ethanol and diethyl-ethef™d the formation of £1.0 and GHsO ions am/z44 and 45

and driedin vacuo Their purity was inferred by elemental 1€2d t0 the most ab””?f’_m peak in the MIKE spectrum [see
analysis'H and®C NMR spectroscopyMoreover the ab- ~'gure I(a)], the [(HsO;]™ ions observed fdt and2 give rise
sence of absorptions due to C=0O aiNHyroups in the IR to fragment ions an/z73, 60 and 59, reasonably originating
spectra ofL—5 confirm that full condensation reactions havefom methyl radical, ethylene and ethyl radical losses. Thus

taken place.

’, o ¥, CH3 *e
g i\/: + _ Ca— _ -0 — /K
Results and discussion L\oj} TIS ket TERTe = {OLJO}
The FAB mass spectra and the MIKE spectra of [Mbt]s ? n
obtained for compoundk-5 are reported in Table 1. All the H
examined compounds exhibit particularly abundant pro-

tonated molecules, being responsible for the base peak of t
spectra fo2 and5.

Compoundsl and 2 show the common fragmentation
pattern reported in Scheme 2. Fragment ions corresponding x
losses of gH,0, GHgO,, CH1,0; and GH,,O, are present in H

+ .
H3C—CH=0—CHy; —CHp;—0

both FAB and MIKE spectra, but while in the latter case the)
are responsible for the most abundant ions, in the forme
spectra they are scarcely abundant. Such behaviour is go

evidence that these fragmentation channels represent those HyC— CHy —~O—CH—CHy O
lower critical energy. On the contrary the,HgO,]" and 1

[CeH 1404 ™ ions are particularly abundant in the FAB spectra

(100% and 20%, 70% and 15% foand2, respectively) and H

their high abundance could be rationalized by their higt
thermodynamic stability. Thus for the ions raiz 88 the

structure of the odd electron molecular ion of dioxane coul P
be proposed. To confirm such hypothesis we compared tt H3CCHp ~OTCHp — G
identical MIKE spectra of the [ElgO,]™ species FAB-gener- ©
ated from compounti and2 with that of the El-generatedM n

of dioxane. Such results are reported in Figure 1 and, as it c8heme 3.
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Figure 2. MIKE spectra of ionic species at m/z 134 generated
by FAB of compound 1 (identical to that from compound 2)

for the ions an/z88 originating froml and2 the structure of

tected by MIKE spectrometry. The ionsmatz134 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 ¢HCH,, CH,O" and GHgO,
leading to the ions an/z119, 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 pattefinasfd2 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.

Compound3 exhibits a fragmentation pattern more com-
plex than that observed for compourtisand 2. In fact,
together with GH,O, GHgO,, G;H .05 losses (leading to ions

M* of dioxane cannot be proposed. Some of the possiblgt m/z651, 607 and 563, respectively) described above for
structures of these ions which are in agreement with the MIKEompoundsl and 2, new fragmentation channels become

data are summarized in Scheme 3. The radical cation

Wperative. Some of them are still related to the crown moieties

distonic formj, originating from the cleavage of the crown (j.e. those due to G, C;H104 and GHisOs losses, leading
moiety, can rearrange to species necessarily bearing a methyl ions atm/z 665, 549 and 535, respectively) while two
group (thus explaining the methyl loss evidenced by MIKEjecomposition routes are originated by cleavages of the aldi-
spectrum) as thle, |, m andn ones reported in Scheme 3. The mine chain (cleavages 1 and 2 of Scheme 4, giving rise to the

first two consist iny distonic ions, while fom andn the

ionic species ain/z428 and 414, respectively). Such behav-

rearrangement processes has led to an aldehyde and a fivsur can suggest that in the cas8 dfe protonation has taken
membered cyclic moiety, respectively. We retain structuresp|ace on the aldimine nitrogen with the formation of a quater-
andm as the more reasonable ones, because they give a be#@fy nitrogen cation (structureof Scheme 5), directly re-
account for the unimolecular fragmentation pathways desponsible for the formation of the ionmatz428. Through H

"
N
G b

"
N
0 L0 MEF
0 N w - CoHiA0s oy m/z 665 s ~|
m/z 549 \
‘ﬁ“ CHs
Y 2 a,(N OH NH
- CgH1603 | —
% Ayl B /2 428
N OH u’/' o
m/z 535 N 5
0 H 0
| 2
Q/ouo\) Q,ouo\) o bt
3, [MH]*, m/z 695
/JQHA,O m/z 414
- - CgH160
l— C4Hg0y - C6H1203J \ one-e
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Scheme 4.
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rearrangement and resonance phenomenar, marsgive rise  must be hypothesized. As an alternative to the mechanism
to ionss, which account for the observed cleavage 2. proposed for compoundsand reported in Scheme 5, in the
Compound4 shows, together with the above describethresent case we suggest the occurrence of the mechanism
fragmentation routes related to the crown moiety (and leadingeported in Scheme 7, which hypothesizes the protonation on
to the ions aim/z 622, 578 and 534), the cleavage of thethe pyridine nitrogen, followed by resonance phenomena
aldimine chain (cleavage 2 of Scheme 6, leading to the ions lading to iong. These ions easily account for the cleavage
m/z384 and the unusual cleavage Jyiposition to pyridine  of the CH-N bond.
giving rise to ions am/z 373). In order to explain the easy  Finally, compound shows an abundant protonated mole-
formal cleavage of the CH=N bonds (cleavage 2) moleculacule atm/z 801 which undergoes only one fragmentation
species in a structure different from that of a neutral moleculpathway, consisting of the cleavage 4 of Scheme 8. The ion so

" .
N o X

© C7H110 KC\I . § (@\c

- C7H1104 e . Hy

HO \ | z /’/ / N +

ﬁ+ N | N k1 m/z 384
CHy Nyt \L P~
m/2 507 e " %3 N
0 0 0 0 LA |
CTVINNGE I
4,[MH]+m/z 666 'S
- szV - CgH1203 m/z 373
- C4Hg0?2
T e T T
- CoHg
- CoH40
G W oY w0
Nt
P! </O\/‘ 0
m/z 622 m/2 578 m/z 534

Scheme 6.
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= formed, atn/z414, 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-

[
N pounds under study.
9 In conclusion the mass spectrometric behaviour of the title

compounds is mainly governed by decomposition processes
\O/O O\o) related to the crown moiety present in the molecules. The
cleavages of the aldimine chain, evidenced for compoB8nds
; and4 only, have been justified by the occurrence of protona-
FAB 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
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Pasquale Agozzino, Leopoldo Ceraulo,* Mirella Ferrugia and Liliana Lamartina
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Diphenylmethyl cations formed by benzylic cleavage of the molecular ions @ftho heteroalkyl substituted 1,1-diphenylalkanes
undergo the double rearrangement process (H to C foliowed by C to C ) previously reported fortho-methoxy derivatives.
Hence the formation of substituted benzyl (or tropylium) icns allowing this double rearrangement process constitutes an
interesting type of fragmentation reaction characteristic for 1,1-diphenylalkanes bearingrtho substituents (OMe, OEt, OiPr,
SMe, NHMe, NMe;) which are able to transfer a hydride to the charged benzyl carbon of diphenylmethyl cations formed by
benzylic cleavage of the molecular ion.

tion that them/z151 ion observed in the mass spectrum of the
. compound (Figure 3) is completely shifted /2152 in the

~ We reportedithat the 70 eV mass spectrum of 1,1-bis(2,4e ctrym of th&'C isotopomed (Figure 4) . An isotopic effect
dimethoxyphenyl)-2-methylproparde(Figure 1) bearin®t- /K =~ 1 4in the 70 eV spectriindicates that the hydrogen
tho methoxy groups shows an intense peakné 151 1igration is the rate determining process.
corresponding to the dimethoxybenzyl or di-

methoxytropylium iorb (Scheme 1), arising from [M — it

Introduction

ion a. The absence of the idnin the spectrum of the isomer ) n M
1,1-bis(3,4-dimethoxyphenyl)-2-methylpropah@igure 2), ocn, |’ CH/ o
together with the constant presence of intense peaks COrlcuo CHO ;\@
sponding to methoxybenzyl or methoxytropylium ions in a O ooty T @/” oCH,
large series of polymethoxy substituted 1,1-diphenylalkane ™™~ i w530 BT
bearingortho methoxy groups, led to the conclusion that suct

an ion is formed byrtho interaction between the methoxy |

H

group and the benzylic carbdithe formation of iorb from

(“/H

iona occurs through a double rearrangement (hydrogen—car HJC/& o

on followed by carbon—carboh.C,CC-di) process. cHO ﬁmw o cH,

This has been unequivocally demonstrated by the dbk of G o D @ oCH,
CH;O

HO

and®*C labelled compounds and principally by the observa °

a”

@This work constitutes Part 4 of the series “Hydrogen—carbon, l

carbon—carbon double rearrangement induced by proximity effects’ N CHO CH ¢
and Part 18 of the series “Studies in organic mass spectrometry”, CH&@//C Ij\oca, - :Q/ * Z}ocu;
H H
;0

Parts 3 and 17 see Reference 2 and L. Ceraulo, P. De Maria, M - CHO CH;
Ferrugia, S. Foti, R. Saletéind D. Spinki, J. Mass Spectrong0, a b miz151
257 (1995). Scheme 1.
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Figure 4. 70 eV electron impact mass spectrum of compound
4.

Further experiments withH and**C labelled compounds
showed that about 50% of the benzyl or tropylium ions preser 10— OC3Hs
in the 70 eV spectrum of 2-methoxydiphenylmethane itsell ' -
are formed through this double rearrangement reatfiath. 1 o ot O O
these findings give evidence that tH€,CC-drprocess con- 1 ' 5
stitutes a generally occurring processdidho-methoxy-sub-
stituted 1,1-diphenylalkanes, which had not been previousl
reported®

Hence, it seemed interesting to verify whether such
process could also occur with 2-substituents other than wit 28 «nﬂfrlzsl N
the methoxy group. For this reason, we examined a series ,I,l,I?f,??fﬁ,',,l|,|<,|]|_i|,-|',|',l,[,| |'|'\'|"‘|'|
1,1-diphenylalkanes bearirgytho OEt, OiPr, SMe, NHMe 0100 150 20 250
and NMe groups.

183 (c)

L

relative abundance
o
(=]

165 (f)

52

Figure 5. 70 eV electron impact mass spectrum of compound
5.

Results and discussion

Ethoxy derivatives values previously found for both 1,1-bis(2,4-di-

The mass spectrum of 2-ethoxydiphenylmettiafiégure  methoxyphenyl)-2-methylpropahand 2-methoxydiphenyl-
5) is similar to that of 2-methoxydiphenylmethdfidccord-  methané.
ing to the easier loss of ethyl with respect to the methyl radical, In order to increase the amount of the precursoajdiy
in this case the base peak isrdz183 [M — Et]*, and peaks avoiding or decreasing other competitive fragmentation proc-
at m/z 165 (fluorenyl cation) andn/z 91 (GH,") are still esses of the molecular ion, we examined the mass spectrum
observed. The peakraiz105 is a consequence of th€ ,CC- of the compound [1-(2-ethoxyphenyl)-1-(3,4-di-
dr process (Scheme 2). Its intensif6(= 3.3) is low, as is that methoxyphenyl)-2-methylpropané] (Figure 7). In fact the
of the precursor ioa[M — H]* (1% = 0.4). loss of the isopropyl group from the molecular ion (leading to
The peak am/z 105 is completely shifted m/z109 for them/z271 iona) followed by theHC,CC-drprocess consti-
the pentadeutero derivati@é¢Figure 6). Its relative abundance tutes the main fragmentation route 7orThe resulting io
of 1.8% indicates an isotope effek (K, = 1.5) close to the (m/z165) is responsible for the base peak and for 50% of the
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Figure 6. 70 eV electron impact mass spectrum of compound Figure 7. 70 eV electron impact mass spectrum of compound
6. 7.

with the favoured hydrogen migration, as in this case th 2146\'6” if a remarkable loss of propene is also occumifg (
cationa’ (Scheme 1) is stabilized by the inductive effect of the )-
methyl group.

total ion current. The predominance of this process also agraggprocess) one of the most abundant of the spectrum (Figure

Methylthio derivative

The spectrum of the dimethylthio derivati@(Figure 10),
in analogy to the corresponding 2,43dimethoxyderivative
3,'isdominated by three peaks corresponding to the molecular
ion, to the iora (loss of isopropyl radical frold *') and to the
dimethoxybenzyl or dimethoxytropylium idm at m/z 151,
this latter arising again from tt#C,CC-drprocess.

Isopropoxy derivatives

Them/z119 ionb, expected for thelC,CC-drprocess, is
completely absent in the spectrum of the 2- |sopropoxy
diphenylmethan@® (Figure 8). This is due to the occurrence
of two major competitive reactions of the molecular ion,
involving elimination of propenea(/z184) and loss of isopro-
pyl radical which affords thev/z183 ion, in analogy to the
corresponding 2-methoxy- or 2-ethoxy-diphenylmethaneMethylamino derivatives
Similar to theortho-ethoxy derivative, the easy formation of The methylamino and dimethylamino derivatidgsand
abundant precursor ian(m/z343) in the mass spectrum of 12 (Figures 11 and 12) give abundant iarfg/z316 andn/z
compoun® makes the peak at/z179 (ionb by theHC,CC- 330, respectively) formed by loss of the isopropyl group.
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Subsequent fragmentation affords abundant ofms/z151)
arising from thedC,CC-drprocess.
The higher relative abundance of thé&z151 ionb for 12

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

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

A comparison of the spectra of compouh8sand15with
those of the correspondinC-labelled isotopomers4 and
16 (Table 1) shows a partial shift (15% and 30%, respectively)

Conclusions

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

with respect tall can be justified by the presence of two state (Scheme 3).

methyl groups linked to the nitrogen atom. Both statistical

It is worth noting thatthelC,CC-drprocess constitutes the

factors and stabilizing electronic effects of the second methyhain fragmentation route of the diphenylmethyl catioin

group should enhance thC,CC-drreaction.
We investigated also N(methylamino)- and 2N,N-di-

fact, in the absence of competitive reactions of the molecular
ion, which lower the relative abundance of @nthe mass

methylamino)-diphenylmethari and15. Their mass spec- spectra of 2-XR substituted 1,1-diphenylalkanes (X = O, NH,
tra (Table 1) are closely related to those of bothNMe, S; R = Me, EtiPr) are essentially constituted by three
2-methoxydiphenylmethafh&and 2-ethoxydiphenylmethane peaks corresponding to the molecular ior",Mo0 the

5. In particular the spectrum of the dimethyl derivaligevas
previously reported but the presence of thek* ion (m/z

diphenymethyl catiom and to the rearrangement product ion
b.
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Table 1. Significant peaks in the 70 eV mass spectra of compounds 13-16.
CHg\N _H BCH;\N _H
13 14
CH3\N _CHy PoHy /‘3CH
15 16
lons M* a b b’ c d e f
m/z(%) m/z (%) m/z (%) m/z(%) m/z (%) m/z (%) m/z (%) 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) 121 (12) 182 (82) 167 (13) 166 (8)* 165 (32)
92 (2.5)*
15 211 (100) 210 (11) 91 (27) 124/ (2) 196 (82) 167 (2) 166 (4)f 165 (17)
16 213 (100) 212 (12) 91 (16) 136 (2) 197 (82) 167 (2) 166 (5)* 165 (15)
92 (9)*

*Corrected for naturally occurrinfC isotopic contribution.

XCHR

. @ .} @
A 1@
|
R0 -

a

Scheme 3.

Experimental

following conditions: ionization energy 70 eV, source tem-
perature 200°C; sample temperature 30°C; accelerating volt-
age of 8 kV; trap current 1Q0A; resolution 1500. Samples
were introduced using the direct insertion probe.

TheH 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 Buchi
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+?Hg]
diphenylmethane (6) were prepared from 2-hydroxy-
diphenylmethane (Aldrich) by reacting in alkaline solution
with ethyliodide (Janssen) and [ethis]iodide (Fluka), re-
spectively. The degree #f incorporation foi6 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 EO afforded 1-(2-ethoxyphenyl)-2-methyl-
propan-1-ol (2.3 g) as a yellow oil (yield 60%). A solution of

Low resolution mass spectra were recorded on a VG-ZABhis propanol (5 mmol) in AcOH (10 ml) was added drop-by-
2SE double focusing mass spectrometer operating under tdeop to a stirred solution of 1,2-dimethoxybenzene (25
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mmol), AcOH (20 ml) and 70% 430, (20 ml), while the = The mixture was heated at 40°-60°C for 1/2 h. After cooling
temperature was maintained below 20°C. After standing at room temperature, the mixture was poured in water, neu-
room temperature overnight, the mixture was poured on ttvalized and dried. After solvent evaporation, the residue was
crushed ice and the oil obtained was extracted wifb.Hthe = chromatographed by the flash method. Elution with petroleum
ether solution was neutralized and brought to dryness. Thather (p.e. 40°-60°C)-f (6 : 4) gave, in order, the following
residue was steam-distilled in order to remove any unreactdihctions: starting material (0.5 mmol), 1-(4,5-dimethoxy-2-ni-
1,2-dimethoxybenzene. The distillation residue was extractetophenyl)-1-(3,4-dimethoxyphenyl)-2-methylpropane (yield
with Et,O, dried and evaporated. Crystallization of the crudég0%; pale yellow crystals from ethanol, mp 110°C) and

product from ethanol affords compouridas white crystals
(yield 96%), mp 62°CtH NMR (CDCL), &: 0.87 (3H, d,J =
6.4 Hz, CHGH,), 0.88 (3H, dJ = 6.4 Hz, CHE5), 1.41 (3H,
t,J = 6.9 Hz, OCHCH3), 2.46 [1H, m, @& (CHy),], 3.77 (3H,

s, OMH;), 3.83 (3H, s, OHy), 3.85-4.00 [3H, overlapped,

CH-CH(CH), and OG,CHs], 6.70-6.85 (4H, m, 34, 5H,
2-H and B-H), 6.90 (1H, dJoum, = 7.7 Hz, 6H), 7.07 (1H,
td, Jotno = 7.0 HZ,Jneww= 1.0 Hz, 4H), 7.34 (1H, dd Jomno =
7.8,Jnew= 1.0 Hz, 6H).

2-1sopropoxydiphenylmethane(8) was prepared accord-

ing to the literaturé.
1-(2,4-Diisopropoxyphenyl)-1-(3,4-dimethoxyphenyl)-2-
methylpropane (9) was synthesized a& using 1,3-diiso-

1,1-bis(4,5-dimethoxy-2-nitrophenyl)-2-methylpropéne
(yield 10%).

To a solution of 1-(4,5-dimethoxy-2-nitrophenyl)-1-(3,4-
dimethoxyphenyl)-2-methylpropane (1 g) in acetic acid (25
mi) 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 KOs (30 mmol) were
added to a solution of 1-(2-amino-4,5-dimethoxyphenyl)-1-

propyloxybenzerfeand 1-(3,4-dimethoxyphenyl)-2-methyl- (3,4-dimethoxy phenyl)-2-methylpropane (6 mmol) in ace-
1-propanol® The mixture obtained was chromatographed ortone (50 ml). The mixture was refluxed for 5 h. After cooling,

silica gel. Elution with cyclohexane-AcOEt (9 : 1) g&vas
a yellow oil (yield 50%)'H NMR (CDCE), &: 0.85 (3H, dJJ
= 6.7 Hz, CHCH®El;), 0.88 (3H, dJ = 6.7 Hz, CHCHGl,),
1.24 (3H, dJ = 6.0 Hz, OCH®El;), 1.29 (3H, dJ = 6.0 Hz,
OCH(CH,), 1.30 (3H,dJ = 6.0 Hz, OCH®El5), 1.34 (3H, dJ
= 6.1 Hz, OCHGi), 2.41 [1H, m, CHEI(CHs),], 3.79 [1H,
d,J=10.7 Hz, GICH(CH;),], 3.80 (3H, s, OEl,), 3.84 (3H,
s, OHs), 4.46 [1H, hept) = 6.0 Hz, OCI(CHs)2), 4.48 [1H,
hept,J = 6.0 Hz, OCI(CHa);], 6.36 (1H, d,Jnew= 2.4 Hz,
3-H), 6.42 (1H, ddJno = 8.4 HZ,Jew= 2.4 Hz, 5H), 6.72
(1H, d,Joro = 8.5 Hz, 5-H), 6.81(1H, dJowno = 8.5 Hz, 6:H),
6.82 (1H, s, 2H), 7.19 (1H, dJyuno = 8.4 Hz, 6H).
1-(2,4-dithiomethylphenyl)-1-(3,4-dimethoxyphenyl)-2-

methylpropane (10) was synthesized a$ using 1,3-

the solid material was removed by filtration and the solution
was diluted with water and then extracted withCEtThe
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-ED (8 : 2) mixture as the eluant. The elu-
tion order of the separated compounds Wasi1.

Compoundl1 was isolated as a brown oil (yield 30%). IR
(CHCh): Vinax 3400 cm(NH). *H NMR (CDCL), &: 0.79 (3H,
d,J = 6.3 Hz, CHEl5), 0.95 (3H, dJ = 6.2 Hz, CHEl5), 2.35
[1H, m, GH(CHs),], 2.70 (3H, s, NEl,), 3.30 [1H, d,) = 10.1
Hz, CHCH(CH),], 3.77 (6H, s, OE5), 3.80 (1H, broad,
exchangeable with », NH) 3.82 (3H, s, O@), 3.83 (3H,
s, OMH,), 6.26 (1H, s, #H), 6.67 (1H, s, 2H), 6.72 (2H, s,

dithiomethylbenzeriéinstead of 1,3-diisoproxybenzene. The 5'-H and 6-H), 6.98 (1H, s, &H).
obtained residue was chromatographed on silica gel. Elution Compoundl2 was separated as a yellow oil (yield 70%).

with cyclohexane-EO (9 : 1) gavelO as a yellow oil (yield
80%)*H NMR (CDCl), &: 0.87 (3H, dJ = 6.5 Hz, CHE15),
0.88 (3H, dJ=6.5 Hz, CH®,), 2.40 (1H, m, €& [CH3],),
2.42 (3H, s, SH,), 2.44 (3H, s, SH,), 3.80 (3H, s, OH,),
3.84 (3H, s, OHy5), 3.92 (1H, dJ = 10.9 Hz, GICH(CHs),),
6.75 (1H, dJomno = 8.1 Hz, 5H), 6.84 (1H, dJyew= 1.9 Hz,
2'-H), 6.87 (1H, ddJortho = 8.1 HZ,Jmeta= 1.9 Hz, 6:H), 7.04
(1H, dd,Jorine = 7.1 HZ,Jpea= 1.8 Hz, 5H), 7.06 (1H, dJyeta
= 1.8 Hz, 3H), 7.33 (1H, dJome = 7.1 Hz, 6H).
1-(2-N-Methyl-4,5-dimethoxyphenyl)-1-(3,4-di-
methoxyphenyl)-2-methylpropane(11) and1-(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-methylpropatig5 mmol) in AgO (100

'H NMR (CDCE), 8: 0.75 (3H, d,J = 6.4 Hz, CHE®), 0.82
[3H, d,J=6.4 Hz, CHEl5), 2.27 [1H, m, EI(CHy),], 2.50
(6H, s, N(®H3),], 3.72 (3H, s, O€l,), 3.74 (3H, s, OH.), 3.77
(3H, s, OC®1s), 3.78 (3H, s, O85), 4.22 (1H, dJ= 11.2 Hz,
CHCHICH;],), 6.66 (1H, s, H), 6.68 (1H, dJomo = 8.2 Hz,
5'-H), 6.82 (2H, SJotno = 8.2 Hz, 6H), 6.83 (2H, s, 64 and
2'-H).

N-Methyl-2-benzylaniline (13), N-[**C]methyl-2 benzy-
laniline (14), N,N-dimethyl-2-benzylaniline (15) andN,N-
di[**C]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-*Cliodide (Aldrich) (18 mmol), respectively. The
mixtures obtained were chromatographed on silica gel plates,

ml) was placed in a two-necked, round-bottomed flask fitte@mploying cyclohexane £ (8 : 2) mixture as the eluant. The
with a mechanical stirrer and a reflux condenser protected lslution order of the separated compounds Wagor 16) and
a CaCjtube. Cu(Ng),.3H,0O was added to the stirred solution. 13 (or 14), respectively. The yields are: 40% 8 and14;
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60% for15and16. The degree 3fC incorporation fol4 and
16 was 99% by mass spectrometry.
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Dynamical parameters of ion ejection and ion formation in matrix-assisted
laser desorption/ionization

Volker Bokelmann, Bernhard Spengler* and Raimund Kaufmann

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

Molecular ejection and ionization processes in matrix-assisted laser desorption/ionization (MALDI) mass spectrometry are
described. Angular resolved initial velocity distributions of imatrix 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 isn—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 entrained ina supersonic jet of matrixions and molecules,
. _ . propagating with the speed of the carrier gas (the matrix
Matrix-assisted laser desorption/ionization (MALDI) \\5|ecyles/ions) regardless of analyte mass. The “fine struc-
has soon after its invention has become one of the mo re” of these pulsed jets as well as its dependence on
\l;_ersatlle_and W|desp;ead |§;:at|on _rtnetZOdstm K‘?der@ample structure and preparational parameters, however,
loorganic mass spectrometryamong Is advan .a.gfj‘i i'ri have not been investigated yet. The purpose of this paper is
the almost unlimited mass range, the high sensitivity in thg, ;o ine the ejection process in more detail and, by that
ferr!tpmol_ar range and_the ab|I|ty_ to analyze even qurly ive some hints at the mechanisms of analyte ionization and
purified biological solutions or solids. Its recent eXtensmn%agmentation
to structure analysis of biopolymers (“postsource decay Several préparation techniques have been developed

MALDI") *4 using reflectron time-of-flight mass spec- o .
trometers is about to replace well-established methods su pnpirically for MALDI mass analysis so far, Almost ‘?‘”
them are based on mixing analyte and matrix solutions

as collision-activated dissociation on four-sector tanden? " ; ;
mass spectrometers. ollowed by an on-target drying procedure of a fely

The fundamental mechanisms of MALDI, however, arePerformed under various conditions. These “dried-drop-
not understood sufficiently to perform, for example; instru-€t” methods have the advantage of easiness and usually
mental optimization procedures other than by trial ‘andufficient ion yield. They are, however, far from being
error. Besides that, the MALDI ejection process of intacStandardized, and success of analysis thus strongly de-
organic material by itself is of great scientific interest. [tP€Nds on many parameters influencing sample crystal-
includes ion—molecule interactions in pulsed supersonic jdtzation. For investigation of the ejection and ionization
expansions, and is thus influenced by many factors such R§0cess it is thus necessary to use a well-defined sample
gas phase acidities, excited states acidities and proton &tructure which, in its behavior, can then be translated to
finities of the interacting molecules and ions. The internanormally prepared samples. We therefore prepared single
and external energetic parameters of colliding particles ca@rystals of matrix material doped with a standard analyte.
be assumed to determine the resulting pathways of ionizd-he use of single crystals in MALDI mass analysis has
tion and fragmentation. been described befot&® Investigations of ion ejection

Several recent investigations of velocity and anguladescribed in this paper were performed on these single
distributions of MALDI ions have led to the idea that, aftercrystals and, for comparison, on samples prepared using
matrix excitation and sample desorption, analyte ions arthe dried-droplet method.

© IM Publications 1995, ISSN 1356-1049
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vacuum

system
/ mirror
/ (L1
) . laser beam
T A = 337 nm
T =3ns

sample

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

Experimental

Instrumentation

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 respectto the irradiating laser beam. The nitrogen
laser (LS|, Cambridge, MA, model VSL 337 NDs 337 nm,

T =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 ~8@um. 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 system* (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. lons
lacated 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

Measurements were performed on a home-built instrumemirocessed by the data system (Chips At Work GmbH, Bonn,

described in detail elsewhéefeThe apparatus has been de-Germany, “ULISSES 7.3"). Data transformation and plotting
signed for the investigation of initial kinetic parameters ofis performed by home-made software.
laser desorbed ions and has the ability to measure ion abun-Mass resolving powevl/AM attainable with this arrange-
dances as depending on mass, velocity and angle. ment is about 150 for those ions located inside the extraction
In the center of a cylindrical vacuum chamber (Figure 1) aube at the pulsing event. Each peak represents a certain range
tiltable sample stage is positioned. A time-of-flight detector iof initial velocities. By varying the time delay between the
revolvable around the central axis. All conductive surfacesaser pulse and the extraction pulse we are able to calculate for
inside the chamber are electrically grounded in order to avoigvery ion mass the entire initial velocity distribution with an

+ Uacc 1

Uacc 2 Umcp

MCP anode

ceramic tube with S
resistor layer

[ P 3 5 e - ) - 50

Uacc1 = -250V 7L . _ Y
Uacc2 = -700V <28 110 9 g
Uwmcp =-3100V < 190 i

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 th&mple preparation
length of the extraction tube. Numerical simulations indicated
that an axial region of. 10 mm is time-focused onto the
detector, resulting in a velocity uncertainty/ofv = 0.27.
The angle of ion acceptance of the TOF system is 16°
measure a complete angular distribution the detection angle
varied in steps of 8°. The delay between laser pulse a
extraction pulse is increased in steps of&s%rom 12.5us to
55 us corresponding to a velocity range of 2960 his672

As an easy-to-use model system we chose the well-in-
vestigated peptide substance P (MW = 1347; Serva, Heidel-
_lberg, Germany) embedded in 2,5-dihydroxybenzoic acid
' HB, MW = 154; Neu-Ulm, Germany) as a matrix. For the
ied-droplet preparation we mixed @D of 102 mol I
HB/water and 1Qul of substance P dissolved in water.
Peptide concentrations in the range of 41 to 1x 10°
m s. For each combination of angle and delay ten spectra amOI " have been prepared resulting in molar ratios DHB :
’ 9 Y P Wibstance P in the range of 80 : 1to 10,000 : 1. Fast air drying

recorded. with a hair-dryer of this droplet on an aluminum substrate gave

Thus, a set of approximately 1000 spectra is recorded fosramples with a diameter of 5mm, consisting of a nearly

the Fiespription of one complete angular resolved Veiqcmﬁomogeneous area inside a small rim of microcrystalline
distribution. The averaged signal areas of the masses of Int?rrfaterial. This inner region of the sample yielded better spectra

tE)'f(substance P ions than the rim. Approximately 15-20 laser

/ey, F - .
sheet. These data columns are not very easy to survey. | O'&bts could be positioned onto one spot at constant signal

instructive representation, we therefore prefer the illustration .
intensity.

of an ion-density plot. The procedure for preparation of these Single crystals of neat DHB were prepared as described in

IOnéiirgs;tyeeftzcljsrr?:ssscrslbiit?erlr?g.c ired in our svstem COR(_aference 12. Peptide-doped single crystals of DHB were
verag pectru quired in our Syst pared using the following procedure. A suspension of 50

L , ) ) r
:/?allnosciI0nr:r?ugd?r?i(;etxsivcrigiﬁseigtiirﬁ gna :igilgeagi%wgvz (g DHB and 5 mg substance P in 1 ml water was carefully
ty ge. 9 splay eated and the container was stirred in a water reservoir of 1 |

as an element in an x-y diagram, where x and y are the til the DHB was dissolved at55° C. The liquor was stored

. . . B\ n
fﬁg‘:{j:?g?g:gg:;scg:gg;;e :Z;hissﬂglSizf;;izerg}:gl‘e”:a%’er night inside the reservoir in a thermally isolated box to
y rang 9€S A hieve a low cooling rate. After cooling down to room

ggtc))lg:rr]yF?)r;aezschhogft;?eeszfg:zriféi:;hae(;ﬁzreﬂgfe'Zacsatl)c??%g perature single crystals of doped DHB with dimensions
from thé intensities measured by the TOF s stelr}r: IIn orduerdtuﬁo ~ 32> 1 mm? had grown from the surface of the liguor
' . u y y © " and onthe ground of the container. Crystals were washed with

give a realistic image these dots are distributed randomle(old distilled water and mounted on the sample stage

within each of the elements. As a result this transformation For dried droplet preparations a new spot on the nearly

g?ﬁg‘;ﬁgﬁfggﬁ;;‘:‘gg ;(IaB; ?é?ﬁ;agggl'ggjﬂggs eti[f]ti ;(':Eedourgomo.gen.eous inner region of the sample was used for any new
laser shot. Each dot in this diagram represents é certain nucqmbma‘uon of.angle and delay to avoid complete ablation of
. - Waterial. For single crystals, however, all laser shots of one
ber of ions. A )
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 totalion currentis very
sensitive to the irradianteand a good indicator for a certain
laser power. For all measurements, a laser irradiance just

ty 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. Itwas found
that absolute ion intensities gave sufficiently reliable results.
Thus no reference ion signal was needed.

Results

Dried-droplet samples

>

X Mass spectra of samples prepared by the dried-droplet
technique are characterized by mass peaks of sodim?2@

Figure 3. Transformation of measured ion abundances into u), potassiumn = 39 u), the dehydrated DHBanomer ion

ion-density plots. lon abundances representative for a cer- (m =137 u) the protonated DHB iom(: 155 u) alkali-

tain angular and velocity range are transformed into dot . _ . .
densities in a corresponding element in the x-y plane above attached DHB ion peaksm(— 177 u, 193 u), the dimer ion

the surface, choosing a snapshot time of 1 ps after the laser peak of dehydrated DHBm(=273 u), a DHB aluminum
pulse. complex (h= 333 u) (especially for hot-air dried samples),
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substance P

100- M=1348
[DHB-H,0+HJ"
M=137
w [DHB+H]'
= 75 | M=155
3 [DHB+Na]'
?; M=177
o .
=, ) [2(DHB-H,0)+H]
= 90 Na M=273
b= M=23 .
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£ 25 1 /
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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.

sity jumps. The intensity cut-off at the low velocity end,

protonated substance Bh¢ 1348 u) and sodium-attached however, is the result of a real intensity drop. _

substance Pnf= 1370 u). A typical spectrum is shown in  Figure 6 shows ion density plots obtained from a dried-
spectra. For this demonstration spectrum the delay time wéj’é DHB to substance P was 125 : 1. lon signals of alkali ions
varied during summation in the range ofiisand 5Qus in (top), dehydrated DHB (middle) and substance P (bottom)

order to time-focus ions of the complete velocity range. Thé¥ere evaluated from the obtained mass spectra.

strong signal at the left edge of the spectrum is due to a For both samples a mulimodal ejection behavior has been
perturbation by the extraction pulse. The molar ratio of DHEPPS€rved in the density plots of DHB [Figures 5 and 6 (mid-

to substance P was 400 : 1, the incident angle of the laser be8itf)]- The two main modes are a slow, spatially broad fraction

was —20° and the detection angle 0° with respect to the surfah an average velocity below 1 mus™ (= 1000 m s) and
normal. Mass resolution is slightly lower in this summed® fast, forward directed distribution perpendicular to the sam-

spectrum compared to single shot spectra due to non-adapi§ Surface with an average velocity of about 2 psm

time focusing during summation at various time delays. Espé/_\lhile alkaliions appearto be homogeneously distributed over
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 i 4..Sample: neat DHB 4
front of the substance P peak has been found to originate frc | DHB monomer ions
small secondary ions produced at the fourth grid just in frer g’
of the MCP detector. £31
No fragment ions of substance P are observed under the @
conditions. This is in good agreement with observations ¢ é 2]
decay behavior of MALDI ions under varied acceleration %
condition$® (rate of post-source decay of analyte ions de @
creases with decreasing initial acceleration field strength). & 14
Figure 5 shows an ion density plot obtained from a dried g
droplet sample of neat DHB matrix. For this “snapshot” the ®
ion s:igr!al of dehydrated DHB at= 137 u was processed.. 3 2 4 0 1 2 3
The incident angle of the laser beam was —20°, the detectic
angle ranged from 0° (geometrical termination by the focusing
lens) to 60°. For a better optical image, the measured distribGigure 5. lon-density plot, representing the spatial ion distri-
tion of the accessible angular sector (0°—60°) is mirrored tgution 1 ps after the laser shot. E?isplayed is the distribu_tion
negative angles at the crystal surface normal. Note that shaff de:ﬁde;t;datﬁ;?aﬁpolg‘zm?; dlzrr‘;pl(g't Tnifgoz)) OATSI'QeO‘i
edges between areas are due to the stepwise calculationi,qgjigence of the laser beam was -20° with respect to the
densities for each angle/delay element, not due to real inteBarface normal.

o

sample surface [mm]
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sample: DHB / substance P .
4 4 Measurement of single crystals

| alkali ions | The appearance (color, shape) of substance P-doped DHB
5 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-
L2 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 R&®and is characterized by formation of plane
sheets of hydrogen-bonded molecules stacked in the b direc-
0 tion. It is assumed that hydrophobic molecules such as pep-
tides or proteins are incorporated into the growing crystals

sample distance [mm]

between the sheets rather than in the other directions which
r3 are characterized by stronger hydrophilic interactions. The

same behavior has been assumed for crystallization of the
L2 matrix sinapic acid:*?

Two main characteristics of mass spectra from substance
P-doped single crystals of DHB have been observed in our
ik free-expansion (no initial acceleration) mass spectrometer:
1) Thereis only a very weak substance P ion signal from
i - I the largest surface of the crystal in this non-acceler-
-2 -1 0 1 2 ated expansion process. In contrast to that, both small
| substance Pions . surfaces provide stable and highly intense signals of
T 3 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-
-1 rupled Nd:YAG laser at 266 nm wavelength have
been completely unsuccessful. None of the surfaces
i R . 0 yielding high analyte signals under Mser irradia-
-3 -2 -1 0 1 2 3 tion gave any detectable substance P ion signal at 266
sample surface [mm] nm irradiation. Again, acceptable ion signals have
been obtained at 266 nm in mass spectrometers with
Figure 6. lon-density plot, representing the spatial ion distri- initial ion acceleration. Likewise, “dried-droplet”

bution 1 ps after the laser shot. Displayed are the distribu- les h b h ¢ d bst Pi
tion of dehydrated DHB monomer ions (mid), substance P samples have been shown to produce substance F1ons

sample distance [mm]

o

sample surface [mm]
N

(bottom) and alkali ions (top) obtained from a substance at 266 nm° with low intensity.

P-doped DHB sample (dried-droplet method, molar ratio 125 A summed spectrum of a substance P-doped DHB single
:1). Angle of incidence of the laser beam was -20° with - ¢rystal is shown in Figure 8. A total of 500 shots was recorded
respect to the surface normal. 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®dn diameter

and 10um in depth was formed in the surface. The direction
the measured area, substance P ions seem to be entrainéthe crater follows the direction of the incident laser beam
inside the DHB distribution of the slower mode. The mosi(—30° to the surface normal). The crater contains small conical
important observation is the suppression of matrix ions istructures after moderate laser irradiation. These “Trulli” have
sections where substance P ions occur in high concentratiot®en observed befotebut their formation is not sufficiently
This effect is observed only when substance P is present in thgplained yet. Consequently, the sample morphology of the
sample but not for neat DHB preparations (Figure 5). Therystal changes after a few laser shots, whereas the crystal
extent of this extinction phenomenon strongly depends on treructure should not be affected essentially. Measurements
molar ratio of DHB and substance P in the sample (Figure 7pbtained exclusively from a defined intact crystal surface
While the extinction effect is obvious for preparations, wheravould require large doped crystals where the laser spot can be
matrix is rather rare, it increasingly vanishes for higher ratiosnoved for every shot to a fresh site. Such large crystals have
of matrix to analyte. not been grown yet.
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[DHB] :
[substance P] =

DHB ions (M=137) substance P ions (M=1348)

100

200 2
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800 2

1600 2;

sample surface [mm] sample surface [mm]

Figure 7. lon-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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Figure 8. Summed spectrum (500 shots), obtained from a substance P-doped single crystal of DHB.

In contrast to dried-droplet samples mass spectra recorded e expansion pattern of the ion cloud desorbed from
from single crystals were characterized by a complete abseng@lgka crystals (Figure 10) is very similar to that of samples
of any alkali ions and alkali attached molecule ions aithOUQBrepared by the dried-droplet procedure. As in Figure 6 DHB
the solution for growing the crystals was not free of alkaliyns gre largely depleted in the high-density region of sub-
impurities. Crystallization is known to be a purification proc-¢i-ce P This measurement was performed with an incident

ess so that alkali ions are phase separated from the growigggje of _50° with respect to the surface normal. All laser shots
'Bave been set to one spot on the long narrow side of the crystal

crystal. This is much in contrast to macromolecular analy

molecules, which apparently are incorporated into the cryst@kigyre 9). The angular distribution shows an explicit prefer-

lattice " 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 (
137 u,155 u), DHB dimer iongn(= 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 nt and 1500 m
s, 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

laser 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.

laser

Discussion

Formation of protonated and deprotonateakrix ions is
Figure 9. Typical shape of substance P-doped single crystals assumed to. b(.a a mUItI_St.ep process WhI.Ch mvplves (1) two-
of DHB matrix. The surfaces yielding high analyte ion inten- photon exqtatlon of mam?( molecules .(e'th_er direct, V_'a two
sities under laser irradiation are signed. steps or via energy pooling), (2) radical ion formation by
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4 sample: DHB / substance P single crystal
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Figure 10. lon density plots obtained from the long narrow z
side of a substance P-doped single crystal of DHB. The upper 0
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plot shows the distribution of matrix ions while the lower 500 1000

one shows the distribution of substance P ions. The angle of velocity [m/s]

incidence was -50°. Consequently the measurable angular

range is limited to -30° to 90° relative to the surface normal. Figure 11. Velocity distribution (sum over all angles) of
The sharp radial cut-off signs the measured velocity range. 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
electron abstraction/attachment and finally (3) multi-pathwaynode of the DHB ions from the pure DHB crystal.
proton transfer reaction$!® Formation ofinalyteions, on the
other hand, has been investigated much less. The main ques-
tions of interest in this field are: proved by discussion of the various experimental results. We
(1) Is analyte ion formation part of the matrix ion forma- suggest that ionization of analyte molecules takes place in the
tion process as described above or is it a procesgas phase, driven only by a spatial overlap between a proton
taking place on a longer time scale (after formationdonor (in the positive-ion mode) and the molecule, which lasts
of matrix ions) comparable to mechanisms knownlong enough to reach a sufficient reaction probability. We
from chemical ionization mass spectrometry? further suggest that there is no need for energetic collisions
(2) Where does analyte ion formation take place? Is it &ut for a spatial overlap of isovelocic particles, and that there
gas-phase process or a condensed-phase process?s no need to assume preformed or directly desorbed analyte
Prior to a discussion of the obtained data on ion kinetic®ns. lonization of analyte molecules is seen here as a secon-
we will try to outline a simple working model for the mecha-dary process taking place after formation of matrix ions.
nism of analyte ionization in MALDI.
Matrix ion quenching
Kinetic overlap model There is no reasonable way to explain the observed lack of
The most obvious observation from the obtained ion dermmatrix ions other than by assuming a proton transfer from
sity plots is the lack of slow matrix ions in areas of highformer matrix ions or electronically excited matrix molecules
abundance of substance P ions. From this observation we neutral analyte molecules. A simple pressure-driven dislo-
deduce the following working model which then shall becation of matrix ions by analyte ions is rather unlikely, keeping
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in mind that the total particle density is not dominated by théons appear to become used up for protonation until the
observed ions, but by neutral molecules which are present process is saturated and all accessible analyte molecules are
much higher concentrations, and keeping in mind that couenized.
lomb repulsion does not play a major role since positive and A similar effect of matrix suppression has been observed
negative charges should be balanced in particle clouds nist mass spectrometers with accelerating ion sodfces,
subjected to an external electric field. There are, on the otheertain experimental conditions of laser irradiance and molar
hand, good reasons to believe that at least a considerable patio between matrix and analyte.
of analyte ionisation takes place in the gas phase simply by
transfer of protons from a proton donor (higher acidity) to an N
. .y Laser irradiance
analyte molecule (the proton acceptor with lower acidity). ) ) )
This model is further supported by the fact that molecules like The useful (with respect to analyte ion formation) range of
the common matrices tend to increase their acidity in the gdaser irradiances has been found to be much narrower in the
phase when they are electronically excitéd®Russelket a!. free-expansion system _Compared ‘to common (accelerating)
have show# that it is not an essential prerequisite for a matriXV/ALDI instruments. This observation is in good agreement
substance to contain a carboxylic group, and that all investi¥ith the kinetic overlap model. It has been found that the mean
gated matrix substances have a higher acidity in the excit&locity of matrix ions strongly increases with laser irradi-
state compared to the ground state. They concluded thancet® A change in initial velocity should strongly influence
MALDI involves proton transfer reactions between excitedoVerlapping and, thus, ionization efficiency under free-expan-
states of matrix molecules and ground states of the analyteSion conditions. In accelerating instruments, on the other
An additional support of the above model is given by a very@nd, there is another effect which might compensate for an
recent investigation of gas-phase proton affinities of commoljicrease of initial velocity, that is the dependence of accelera-
matrix substances by Jorgensen and cowofRaitsey deter- tion-field shielding on the ion density in the cloud. It can be
mined a decrease of proton affinities in the order nicotini€@lculated that about>810° charges spread over an area of
acid- sinapinic acid- ferulic acid- DHB - a-cyano-4-hy- - 100um in diameter are able completely to shield an electric
droxycinnamic acid. Thus for a given analyte molecule tdi€ld of 1000 V mr. Only after a certain time shielding ions
become protonated-cyano-4-hydroxycinnamic acid as do- are extracted from the source region and the acceleration field
nor has the highest release of excess energy upon protonatihaPle to penetrate into deeper regions. An increase of laser
A considerable part of this excess energy will contribute to airadiance will cause an increase in fast-mode ion density and
increase of internal energy of the protonated analyte and By that to a prolonged field shielding. The result is a (com-
that to an increase of post-source decay (PSB).increase ~ Pared to immediate acceleration) better kinetic overlap of
of this PSD fragmentation, if compared to DHB matrix, hasSlow-mode matrix ions and analyte molecules. In combination
indeed been observed forcyano-4-hydroxycinnamic acidin  these two contrary effects (shielded acceleration field and
our instruments. This supports the assumptiorgaisaphase ~Increased proton-donor velocity) might cause a constant ioni-
ionization process as modelled above, since analyte ionizatigdion yield over a rather broad irradiance range in accelerat-
in thecondensed phaser even analyte ionization in parallel INg Instruments.
to thedense-phasenatrix ion formation, would most prob-  Detector saturation at high irradiances (and consequently
ably, as a multi-particle process, not lead to a detectabl@gh matrix ion yields) might as well contribute to the effect
change in internal energy uptake. A distinct increase of inteff Vanishing peptide ion signals at higher mass. The detector
nal energy can only be expected from individual ion-molecul@roblem probably plays a more important role in our small-

reactions taking place later in a low-density phase. size channelplate system (with less channels) compared to
regular-size instruments.

Effects of molar ratios

In MALDI mass analysis changing the molar ratio of Absorption and emission spectra of DHB
matrix to analyte is known to affect the ionization probability. As an additional source of information on the fundamental
This is also observed under free-expansion (non-acceleratioahergy uptake and transfer process it is helpful to have a brief
conditions. Figure 7 shows ion density plots for various matook on to the spectral absorption and fluorescence of crystal-
trix/analyte ratios (substance P in DHB). As known fromlized DHB, providing data on the excitation process and on
common MALDI instruments analyte ionization yield in- typical life times of excited statés.
creases with increasing matrix concentration up to a maxi- Solid-state absorption was measured on a home-built micro
mum, due to an increase in ionization probability, and thespectral photometer. Fluorescence measurements were per-
decreases again, due to a decrease of analyte concentratiofoimed by modification of a “VISION 2000” MALDI mass
the matrix/analyte volume. spectrometer (Finnigan MAT, Bremen, Germany).

The quenching effect, as described above, is only observed Absorption and fluorescence spectra are shown in Figure
when matrix ions are rare up to the ratio where the maximurh2. An absorption spectrum of an aqueous solution of DHB is
analyte ion intensity is observed. This observation again supacluded for comparisoff.Both wavelengths of interest, 337
ports the assumption of gas-phase acid/base reactions. Matrish and 266 nm, excite the same absorption band. The sym-
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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.

self-chemical ionisation of the matrix but also in the process

metrical splitting into two overlapping absorption bandsof analyte ionization.

(“Davydov splitting”¥°in the crystal compared to absorption
of the solution indicates that at least two absorbers (diff(::rentl'Lym=r wavelenath
oriented) are present in the unit cell (the two molecuies 9
coupled via their carboxylic groups). Doped crystals show The amount of vibrational energy released into kinetic
nearly the same spectral absorption except for a small shift 81€rgy within picoseconds after excitation should have some
the long wavelength tail to the red. The fluorescence begins &ffect on the kinetic energy of the ejecting matrix ion jet.
the long wavelength tail of the absorption spectrum, as eXcomparison of observations at 337 nm and 266 nm laser
pected, leading to the (obvious) assumption that we are exciavelength supports this assumption. Photon absorption leads
ing higher vibrational Sstates with both lasers. The 0@ S — S transition in the DHB molecule with successive
vibrational energy dissipates into the crystal lattice and lead4/orescence from the lowest State. The exceeding energy
to relaxation of the molecules to the vibrational ground statg@2ove the lowest vibrational state afdsssipates into dark
of S, in the ps time scale (Figure 13). Within the fluorescencéthermal) pathways, responsible for heating of the crystal and
life time of this state, molecules emit a photon and relax t§€sorption of material. Different wavelengths between 250
vibrationally excited $states. Alternatively, excited mole- and 380 nm will populate the same electronic state, but will
cules should be able to transfer their excitation energy to othéeposit different quantities of thermal energy inside the crys-
molecules upon collision, undergo acid—base reactions witfl. The Nd:YAG laser with 266 nm wavelength (4.66 eV
other molecules (driven by enhancement of acidity in thé@hoton energy) is able to deposit 0.98 eV more thermal energy
excited staté2) or transform their excitation energy into
translational and vibrational energy. It has been found ver, io
recently, that less than 20% of the excitation energy of irad ¢ o
ated DHB is emitted by fluorescence at room temperature i 5{°>S 1 ———1"%thermalization ——
the solid stat&’ A considerable amount of the excitation § = =

\ thermalization

energy should thus be available for these alternative proces:
in the gas phase. :
Fluorescence life times have been found to be in the ranc 337nm 266nm fragmentation
below 30 ns for DHB in our system and in Reference 30. Thu: §_ s proton transfer
for a mean velocity of matrix molecules or ions of 1000'm s 63 fluorescence
ejected material is still considerably excited in an area of 3 o SO
pm above the surface. "
It can thus be assumed that excitation of matrix ions Ofigure 13. Scheme of excitation and relaxation processes of
molecules play a considerable role not just in the process &HB at 266 nm and 337 nm.
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in the crystal per absorbed photon than théaber with 337 lon-density plots obtained from single crystals have been
nm wavelength (3.68 eV photon energy). The optical densitgcquired from a single desorption spot. They exhibit a consid-
of DHB, on the other hand, is almost one-half for 266 nrrerable directional preference into the direction of the incident
compared to 337 nm. Assuming a constant density of excitddser beam. This observation can be explained by formation
states (lowest vibrational, States) necessary for inducing of an ablation crater (Figure 14). Irradiation of a surface by an
ionizationof matrix molecules (see photochemical ionizationoblique angle leads to an asymmetric distribution of absorbed
model for matrix moleculé% 9 the thermalized energy per energy per volume, as can be seen from Figure 14. The center
volume due to relaxation of the higher vibrational states to thef highest absorbed energy per volume is shifted to the right
lowest $ state is thus higher at 266 nm compared to 337 nnaf the focal center. As a result ablation behavior of the material
The result is a mismatch between kinetic properties and cois asymmetric as well, finally (after several shots) resulting in
ditions for matrix ion formation, which then leads to a pooramean ejecting surfasehich is tilted towards the laser beam
kinetic overlap between proton donors and analyte moleculeaxis.

The fundamental independence of desorption and ionization In general, there are no indications from our measurements
of material in laser induced mass spectrometry has bedhat any other effects or mechanisms exist which would lead
described earliét.Increasing the laserirradiance will increaseto an ejection behavior other than normal to the ejecting
the density of matrix ions, but at the same time will increassurface.

their mean velocity and by that will even deteriorate the kinetic

overlap. (This is the same effect as observed for 337 Nnm @bneral behavior of ion plumes

higher irradiances.) It has to be noted that the above assUMP-There have been numMerous investigations and theories

tions on_the Kinetic behqwor cannot b.e proven .dlr.ectly b%\boutangulardistributions of ions or neutrals under various
observation of a cha_mge in mean velocity of mgtnx lons, .buct:onditions of thermal or laser excitation in the field of surface
can only be rationalized by the lack of analyte ion format!oréciences and laser ablation (see, for example, Reference 33).
at266 nm wavelength. An_ increas_e of velocity is inQU(:ed ©fh none of these studies has tr;e angular di'stribution been
mu_ch higher degree by just a §I|ght change of wrad;anc%und to be a simple cosine distribution as would be expected
which cannot be measured precisely enough. 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 | ~%d$Thetempo-

The effect that analyte ions could only be observed frona| distribution of laser desorbed ions has been found to be
the small surfaces of the single Crystals but not from the |E\Lrgﬂmoda| in certain cases, as observed in our case for matrix
surface cannot be explained sufficiently yet. Possible param@yns and earlier for ablation studies of PMKANd other
ters which might influence this behavior are an aniSOtrOpi@o|ymer§;5 for example. In the case of DHB matrix ions our
spectral absorption coefficient resulting from the fixed Orien-investigations have shown that the slow mode has a broad
tation of the absorbing aromatic rings in the crystal or mixinqthermal-like) angular distribution, while the fast mode has a
effects between ejected matrix and analyte molecules whigkarrow (jet-like) angular distribution. The reason for this
might be different for stacked or neighboring orientation ofhimodal behavior has been described as the result of gas-phase
the two different species. This question has to be left open heggjiisions in a dense region, which leads to forward-peaked
and shall be addressed in further crystallographic studies. gjection plumes even in the case of thermal desorption proc-

esses® A complete model of ejection modes in laser desorp-
tion/ablation, however, is still missing.

Single crystal analysis

Effects of laser beam direction

lon-density plots obtained from dried-droplet samples,
which have been acquired by permanently changing th
desorption spot, show a weak directional preference depen
ing on the angle of incidence of the laser beam. Although w
are not able to determine ion yields straight into the directio
of the incident laser beam (the nearest detection angle wi
respect to the laser beamis 20°), it appears that ion clouds
shifted into the direction of irradiance (left side) in Figure 7.
This observation is supported by recent investigations c
Chaurandkt al®2 They measured a mean ejection angle of 30
at a laser irradiance angle of 60° for proteins embedded
a-cyano-4-hydroxycinnamic acid. Their explanation was ar . .
arbitrary distribution of microcrystals, mainly excited at those mean ejecting surface
surfaces facing the laser beam. Consequently, the mean ejesure 14. scheme of ablation craters formed under laser
tion angle should follow the direction of the laser incidence.irradiation at different incident angles.

laser

ablation
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The much more isotropic distribution of alkali ions, asionization in accelerating instruments is affected by the ob-
observed in our measurements, indicates that these specsesved mechanisms to the same extent and that a considerable
might stem from separated areas of the sample, rather thpart of limiting effects in MALDI, such as low mass resolving

from inside the matrix crystals, and that these ions not necegewer, can be attributed to the way the ions are formed.

sarily are entrained in the ion jet. lon imaging studies of
MALDI samples performed with a scanning laser microprobe

support this model of separated areas of alkali and matrix/anAcknowledgment

lyte location®”

Financial support by the German Federal Ministry of Re-

search and Technology, by the Ministry of Science and Re-

Implications for structure analysis of biopolymers

search, NRW, and by the European Union is gratefully

Post-source decay-matrix assisted laser desorption/ionizacknowledged. We like to thank Joachim Schwarzmaier and
tion (PSD-MALDI) has been established recently as a methaderstin Dienhardt for their help in measuring the optical

for structure analysis of biopolymers such as peptides, ol@er

gosaccharides and oligonucleotidéslThe principle of this
new method is the mass analysis of product ions that are
formed by unimolecular decay after ion acceleration. It has

1sity of the single crystals. This work is part of the disser-
tation of V.B. at the University of Dusseldorf.

been found that the electric field strength effecting the ejectingeferences

ion cloud plays an important role for the extent of postsource
fragmentatiort® In the light of the investigations presentedin™
this paper the process of ion excitation is even clearer. Assurg-
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 weii]4
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 wil?"
undergo a large number of low-energy collisions and that the
will gain a considerable increase in internal energy, dependin%
on the electric field strength, i.e. the collision energy. It is in
good agreement with these interpretations that analyte iorfs
undergo almost no fragmentations even at high laser irradi-
ances, if the initial acceleration field is turned®®ff. 8

Conclusion

Investigations of the ejection behavior of matrix and ana-
Iyte ions in MALDI mass spectrometry suggest a model of
analyte ionization in the gas phase which is driven simply b?-
the kinetic parameters and the difference in proton affinities
of matrix and analyte. lon-density plots obtained indicate that
analyte ionization by proton transfer takes place in a region

where fast and slow matrix ions have already separated inld-

way that they do not interfere with each other any morie.

Otherwise no localized matrix ion quenching would be obl11.

servable. It is therefore assumed that analyte ionization takes

place long after matrix ion formation. It appears that, forl2.

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 bé3.

more or less advantageous for effective ionization. lonization

behavior under non-accelerating conditions, as used in tHed.

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
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Cluster formation of biomolecules in the gas phase

Michael Dey and Jirgen Grotemeyer

Institut fir Physikalische Chemie, Universitat Wiirzburg, Marcusstr. 9/11, D-97070 Wurzburg, Germany.

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 biomoleculesinthe 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 farmation during the supersonic expansion. Intermolecular forces
strong enough to form and stabilize [biomolecule—biomeglecule] clusters permitted the investigation of biologically relevant
systems, such as [retinoid—amino acid] cluster interactions.

ess'®! Ratios of 16-1C neutrals to 1 ion generated by LD
with IR lasers have been experimentally determiféd.
Supersonic beams have been extensively studied since th&lrerefore, LD is a powerful tool to generate neutral gas phase
first introduction in the early 19505 They are widely used  molecules from non-volatile samples.
for many applications in physical and chemical experiments A general approach to obtain intact desorption of thermally
due to their unique features, such as cooling of the intern&ibile polyatomic molecules such as biomolecules is to entrain
degrees of freedom of the molecular species and formation tfe desorbed molecules into afeThis approach takes ad-
clusters. In general, the carrier gas is expanded through a smadntage of the features of both techniques, LD and supersonic
orifice or nozzl¢!. During the adiabatic expansion the transia-expansion. Laser desorption of intact neutral molecules into a
tional degrees of freedom of the gas are effectively cooledupersonic beam results in cooling of internal energies of the
The cold translational modes then act as a refrigerani for trdesorbed molecules. Combining LD of neutrals, supersonic
other degrees of freedom. The rotational and the vibrationgt expansion and soft post-ionization techniques allows for
modes of the analyte molecules are cooled by multipie collithe detection of molecular ions of thermally labile mole-
sions with the carrier gas in the expansion regjion. cules? In particular, resonant enhanced multi-photon ioniza-
Since the number of collisions decreases rapidly-downtion provides wavelength selective and sensitive detection of
stream from the nozzle, internal states of the molecules aemalyte molecular ions without fragmentation.
“frozen”. A jet provides a powerful tool to generate isolated Besides their use for spectroscopic experiments utilizing
molecules in the gas phase with cooled internal degrees tife cooled internal degrees of vibrational and rotational free-
freedom® Because of this feature, supersonic beams ardom described here, supersonic jets are also used for the
widely used in spectroscopic applications. formation of gas-phase clusters. The unique features of similar
In the mass spectrometric application of jets, the coolingelocities of all particles in a jet and multiple collisions
of seeded moleculéefore post-ionization results in mini- enhance the probability of the formation of clusters with weak
mized fragmentation of labile molecules in the mass spectiiateraction forces. Therefore, molecules seeded into a jet form
since the internal energy of analyte molecules is decré¥sed.weakly bonded van der Waals clusters, which is one of the
To obtain the molecular ion peak in a mass spectrum, jehost interesting applications of supersonic beam expan-
cooling is essential for many labile molecufes. sions?? Although van der Waals forces are weak, a supersonic
Laser desorption of neutral organic molecules has bedmeam provides a low temperature environment where the
utilized by several grougs:*® This technique allows for the relative kinetic energy in a collision is less than the van der
transfer of non-volatile and thermally labile molecules into thaVaals binding energy. Therefore clusters remain intact once
gas phase. At low desorption laser power, significantly moréormed. Cluster formation in jets has been observed with
neutrals than ions are produced during the desorption prodifferent classes of analytes ranging from atomic clusters to
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clusters of small molecules to metal clustétateractions of to vary distances and geometry of the solid sample and the
molecules within clusters are of growing interest, especiallyaser impact relative to the orifice. Placing the probe tip close
interactions of biomolecules. Weak interactions such as vaio the nozzle and about 1 mm below the opening, with the laser
der Waals forces or hydrogen bonds are often an importabeam perpendicular to jet and sample, provided the best
factor in chemical properties and reactions within organismsesults for cluster formation. In this geometry neutrals are
Many biological processes are governed by weakly bondedesorbed into the expansion region of the jet shortly after the
species, requiring demanding techniques for their study.  opening, where most multiple collisions take place. By desor-

In this paper, the technique of laser desorption of neutrdding too close to the nozzle, the desorption plasma is affected
biomolecules into a supersonic beam is utilized to obtaiand disturbs the expansion. By desorbing parallel with the jet,
neutral clusters of biomolecules in the gas phase. The idea wé® desorbed neutrals would not reach the collision zone since
to combine LD producing a large amount of intact neutrathe majority of desorbed molecules are desorbed straight from
biomolecules in the gas phase with a jet known for the capahe surface.
bility of cluster formation enhancement. The features of su- The jet provides cooling of the internal degrees of freedom
personic beams have been examined and enhanced for #fe@he analyte molecules by multiple collisions with the carrier
formation of clusters. Geometric parameters are crucial for thgas in the expansion region. During this time collisionally-
cluster formation of laser desorbed neutral molecules. Neutrgboled analyte molecules may form neutral clusters in the gas
[biomolecule—solvent] and [biomolecule-biomolecule] clus-phase. Clusters of biomolecules and jet seeded molecules can
ters were post-ionized with resonant enhanced multi-photognly be formed in the expansion region. To exclude clusters
ionization (MUPI) for detection in a RETOF-MS. Post-ioni- of hiomolecules possibly formed before or during the desorp-
zation with photo-induced EI shows the relative high stabilittion process, different ratios of matrix : analyte were investi-
of jet-cooled clusters in respect to the post-ionization procesgated. In the collision-free drift region after the expansion no
Mass spectra of [biomolecule—solvent] clusters such as [pefarther molecule—molecule reactions can take place. Neutral
tide-water] clusters are presented. Since retinoid—amino aciiisters formed in the jet pass a skimmer and are transported
interactions are involved in biological processes such as VisiQRo the ion source. The skimmer allows only the effectively
and proton pumping through membranes, this system is prepoled centre of the jet to pass into the ion source while
Sented as an example fOI‘ biOlOgical releVa.nt Clusters Of bi%‘ﬁ_centre neutrais are quenched (Figure 1) Positive and nega_
molecules in the gas phase. 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

Experiments were performed in a reflectron time-of-flightSource with MUPI or photo-induced electron ionization
mass spectrometer (RETOF-MS) described in detail elsdPEl)* MUPI was achieved with the frequency doubled
where? Desorption and post-ionization took place in sepa{BBO1) output of a XeCl excimer laser (LPX 110i, Lambda
rated areas of the instrument (Figure 1). Desorption waRhysik Gottingen) pumped dye laser (FL 3002, Lambda
accomplished in the desorption chamber with a pulsed Cd’hysik Gottingen) at variable wavelength with a 7 ns pulse
laser. The characteristics of the infrared (IR) desorption las&¥idth. Wavelengths typically used were in the range between
are: wavelength 106m, pulse length 1@s and pulse energy 250 nm and 290 nm. This equals photon energies between 5
40 mJ. The IR laser beam could be attenuated by an iris agéid 4.25 €V, so that ionization takes place after a two photon
was focused perpendicularly on to the probe tip by a 8 crbsorption process. Photo-induced electron ionization gener-
ZnSe lens. The desorption laser was focused on to the sampk€s a pulse of electrons by an unfocused laser beam impact
with a spot size of approximately 0.5 mm in diameter. Analyt&n 10 a tantalum wire. Electrons are emitted from the tantalum
molecules were desorbed from a 1 mm wide probe tip into wire due to the photo-electrical effect occurring in tantalum
pulsed supersonic beam of argon or helium. Typical settinggt photon energies greater than 4.25)e¥ 90 nm). Emitted
for the expansion into the vacuum were 2 bar back pressugtectrons were accelerated in the electrostatic field of the ion
of the gas behind the pulsed valve (Bosch valve, custogource toward the repeller. The flight path of neutral molecules
designed) and 1®to 10° mbar in the desorption chamber. and clusters entering the ion source through the skimmer is in
The vacuum was maintained by three turbo pumps (Balze&n opposite direction to the electrons. As the electrons traverse
Wetzlar, desorption chamber: 3301 son source: 50 I'§  towards the repeller and the neutrals, they gain kinetic energy
flight tube: 330 | ). and ionize the neutrals. PEI was typically performed at elec-

The characteristics of the custom-made pulsed valve irtron energies between 50 and 70 eV, controlled by the reflector
clude a variable opening time and an immediate opening ofoltage®*®
the orifice by fast repulsion of a polyamide piston. Variable The ions formed were accelerated in a two-stage ion source
diameters for the opening were used, with a typical diametavith approximately 755 eV and detected in a RETOF-MS
of 100um. The geometric arrangement of the probe tip relaafter a flight time of approximately 100-206. Precise tim-
tive to the nozzle opening was found to be critical for theng of the events-pulsed valve, desorption laser and ionization
cluster formation. Probe tips with various designs were usddser was achieved with a custom built trigger/delay unit. All

Experimental
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“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-

o cules, which are only one particle while the second limits a

RETOF 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.

MUPI| | PEI In this paper different cluster types of biomolecules are
B solid sample post ionization presented. Homo clusters consist of only one kind of sub-par-
[ | 3?“&'33‘15“ the center ticle while hetero clusters consist of at least two different
ouer seess of the et o sub-specie_s. AII clus_ters of bigmolecules are weal_< ponded
ions formed by post ionization D2 e oo e, 640V cluster$® with interaction energies less than 1 eV. Within the
® tantalum wire U3: second acceleration plate, 0V category of weak bonded, clusters can be further distinguished

. ) . . by their interaction forces. Van der Waals clusters are bonded
Figure 1. Experimental set-up with the desorption chamber . . L .
and ion source of the RETOF-MS. 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
time-of-flight mass spectra in this paper represent the sumlusters have binding energies between 0.3 and 0.5 eV.
over 25 laser shots. Due to the weak attractive forces, a low internal energy of
The peptide and retinol samples (Sigma, Munich) were cluster is required to avoid dissociation into sub-particles.
used without further purification. Benzene and water werdédowever, to detect a cluster in a mass spectrometer, ionization
seeded into the jet by a reservoir connected to the carrier gasequired. Neutral clusters need to be post-ionized in the gas
line. Samples containing the biomolecules were pressed infthase. Post-ionization, however, allows for the detection of
pellets prior to desorption. A mixture of the analyte moleculestwo different cluster distributions, which depend on experi-
a polyethylene matrix and a silver powder comatrix weremental conditions. The detection of either the distribution of
mixed and pressed without using any solvent to prevent clustaeutral clusters or ionized clusters depends on the interactions
formation due to interaction of the analyte molecules in solustabilizing neutral or ionized clusters, respectively. In addi-
tion?® The typically used ratio of 100 matrix molecules to 1tion, the most stable neutral cluster species are not necessarily
analyte molecule assured that the sample molecules wetite most stable ionic cluster species gice versaHere one
isolated in the matrix. A variety of matrix : analyte raticshas to consider the ionization conditions for the cluster distri-
ranging from 0 : 1 (no matrix) to 1000 : 1 were investigatedpution detected. Since only neutral clusters are transferred into
If cluster formation is related to the desorption process othe ion source, the distribution before ionization is due to the
clusters are already present in the solid sample, more clustefgbility of neutral clusters. If ionization is achieved with little
are expected to be detected at lower matrix : analyte ratiogxcess energy and the internal energy of the ionized cluster is
due to the closer vicinity of analyte molecules in the sampleyelow the appearance enerdyE] for dissociation the de-
However, hetero cluster formation was observed up to a molggcted distribution is according to neutral stability [Figure
ratio of 1000 : 1, matrix : analyte indicating cluster gas-phasg(a)]. lonization with higher excess energy, however, causes
formation. Other evidence for the formation of clusters of lasegissociation of clusters [Figure 2(b)] in the time-scale given
desorbed molecules in the gas phase are the crucial geomegj;:the instrument, which is about 100—2@0from ionization
parameters for jet orifice, sample position and laser beafg detection. The observed distribution is then, according to
impact. Clusters formed by laser desorption without any insgapjlization, within the ionic species. lonization with low and
teractions with the jet gas should be detected regardless of g iaple excess energy is required to obtain the neutral distri-
position of the jet orifice relative to the solid sample. Clustergytion, which is provided by MUPI.
are, however, only detected at specific geometric arrange- There have been extensive studies of the features of super-
ments. These observations Suggest that cluster formation %nic beam expansions since they are W|de|y used for physica|
Iase_r desorbe_d n_eutral biomolecules takes place in the supgfg chemical experimert$The purpose of this section is to
sonic expansion in the gas phase. 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
Since the term cluster is widely used for many differenhigh back pressure of the gas (at least atmospheric rapnge)
types of species, a short definition of the understanding of treesmall orifice or nozzle with a characteristic dimengidim
term “cluster” as used in this paper and the types of clustemir experiment 10Q0m diameter) and an expansion volume
investigated is necessary. We adapt the definition of clustext low background pressuPg, are required to form a super-
from Haore&” which is a very general approach to the termsonic beam expansion. The gas may be expanded continu-

Results and discussion
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clusters. =
2
ously or through a pulsed valve, which reduces the amount 299
carrier gas released into the vacuum system of the MS. V g 130 ‘
used a pulsed valve for the gas inlet, since we also used puis 0 4 L] "
desorption, ionization and mass analysis. The criterion for 0 100 time of flight ps
jet formation is: 1007 8 [130
A<D (1) b
wherelp is the mean free path of particles in the orifice
andD is the diameter of the nozzle.Af > D there are | 3 7
no collisions of the gas in the nozzle and an effusive bea g 50 187
into the vacuum is formed. Withp << D, however, mul- =
tiple collisions between the particles take place during'th = +
expansion. Due to the collisions a thermodynamic equi M
librium of all particles is formed resulting in a supersonic Cr* 2 299 | 317
beam. A directed beam is produced with a velocity greate
than sound velocity. For an ideal mono-atomic gas th Ob 1%
cooling during an adiabatic expansion equéls: time of flight ps
T/To= (P / PO)(g_l)/g (2) Figure 3. Time-of-flight mass spectra of the dipeptide leu-
_ . .. trp. LD of neutrals into a supersonic beam of argon results
whereg = CP I Cy, the quotient of the heat capacitids, inthe molecularion as the base peak (a), while without a jet,

andP are the temperature and pressure after the expansigftreased fragmentation is observed (b). The insert shows
and Tp and Py the temperature and pressure before thehe cleavage sites for leu-trp specific fragment ions.
expansion.

The translational temperatufg,,s of an ensemble is de-
fined as the width of the velocity distribution of the particles the loss of water is minor as depicted by the abundance of the
which is reduced significantly in a jet, since all particles havéragment ion GH»N;O," (M/z299). The characteristic frag-
a similar flow velocity* The vibrational and rotational de-—ment ions of the amino acids trp, the methylen-indol ion
grees of freedom are cooled by collisions with the “cold bath{C;HgN*, m/z 130), and leu, the 4l;,N* ion (m/z 86) are
translational degree of freedom. The probability of collisiongletected.
decreases rapidly with distance from the nozzle. After multi- ' Performing the experiment under the same conditions but
ple collisions in the expansion region, there is a collision-fre&ithout a supersonic beam results in tremendous changes in
drift region where all the internal degrees of freedom ar¢he TOF mass spectrum [Figure 3(b)]. Base peaks in the
frozen. The internal degrees of freedom are cooled in the ordepectrum are the fragment iongHgN* (m/z130) and gH;,N*
Tean<To<Tvir- Since the most effective cooling occurs in the(m/z 86). The intensity of the molecular ion has decreased
core of the jet expansion, often a skimfigused to separate significantly compared to the experiment with a supersonic
the less cooled, off-centre neutrals, before probing. beam of argon while the intensities of fragment ions have

The experimental necessity of a supersonic expansion famcreased. In addition to the fragment iogbli{Bl* (M/z130)
cooling the degrees of freedom of analyte molecules waasnd GH;,N* (m/z86), the fragmentionsH8,sN,Os" (M/2187)
investigated. The dipeptide leu—trp was laser desorbed amehd G,H;,N,Os" (M/z2232) were detected. These ions repre-
entrained into supersonic beams of argon and helium argknt the same cleavages with the other part of the molecule
compared to the situation without a jet (Figure 3). The desoretaining the charge. The charge is now found on both frag-
bed neutral molecules were post-ionized with MUPI at 28@nents resulting from the cleavage under conditions without a
nm wavelength (4.43 eV) using soft ionization conditionsjet. In addition to the characteristic fragment ions of the
The use of argon as a carrier gas resulted in a mass spectrdipeptide, fragmentation into small fragment ions down'to C
where the molecular ion of leu—trp 48,5N;05*, mM/z317) (m/z12) was detected. Spectra with helium (rmm 4) as the
represents the base peak [Figure 3(a)]. Fragmentation duedarrier gas show a decrease in the molecular ion signal and an
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increase in fragmentation compared to the mass spectra usisgeded into the argon carrier gas and cluster formation took
argon (rmm 40) as the carrier gas, yet not as extensive pkace during the expansion into the vacuum. The excess en-
without a jet. One can conclude that collisions with the heaviegrgy deposited during ionization for the non-resonant ionized
argon atoms were more efficient with respect to cooling théenzene clusters was about 0.3 BV (260 nm, 2 4.77 eV =
peptides than collisions with the lighter helium atoms. Only9.54 eV). Non-resonant excitation with a wavelength signifi-
jet cooling with argon allowed for the detection of the molecu<antly distant from the closest excited state for all cluster sizes
lar ion of the thermally labile dipeptide leu—trp as the basés necessary to avoid resonant enhancement of one cluster size
peak in the mass spectrum. at specific conditions. Wavelengths close to a resonant state
The observed increased fragmentation without a jet is theould result in increasing the signal of “warm” clusters with
result of fragmentation occurring by two processes during thiigh internal energies, since some of them would be resonant
experiment: ionization and desorption. Fragmentation duringnhanced ionized, while ionization with a resonant wave-
ionization increases, since analyte molecules without jet coolength would enhance “cold” clusters with low internal ener-
ing reach the ion source with higher internal energy. Post-iongies. In both cases, not the time distribution in respect to the
zation of molecules with high internal energy results'in moreluster size, but the conditions of the jet, at which most
fragment ions since appearance energies for fragmentatiomolecules are in a state to absorb resonantly the irradiated
pathways are exceeded by ions with high internal energjaser wavelength, would be probed. In the case of benzene,
Fragmentation during desorption or shortly thereafter occursnly with non-resonant conditions for all species is a time
due to the high internal energy of the analyte molecules afteelevant distribution obtained.
the desorption process. Without collisional cooling to de- This experiment indicates that the time at which the maxi-
crease the high internal energies, fragmentation of the deseonum intensities for clusters are detected is size independent.
bed molecules into neutral fragments occurs, which are thetiomo clusters of up to nine benzene molecules have a similar
post-ionized in the ion source. time profile in the jet as the benzene dimer, as shown in Figure
There is strong evidence that cooling during both processds The dimer time profile has a FWHM of 1f6, indicating
allows for detection of intact labile molecules and ciustersthat clusters are formed as long as the jet conditions are
lonization with El, a hard ionization technique, allows onlysufficient and neutral molecules are desorbed. The results also
for the intact detection of jet cooled labile molecules andndicate multiple collisions between the molecules in the
clusters. Without jet cooling of the internal degrees of freedomexpansion and a collision-free drift region after the expansion.
before post-ionization, only fragment ions are detected witffhe characteristics of the pulsed valve are critical for the
El. Fragmentation down to small fragment ions such‘as Ccluster formation, especially opening time and opening veloc-
(m/z12) as seen in the leu—trp spectrum without jet coolingty. Therefore, if the conditions are sufficient for the formation
however, requires absorption of more than 10 photons by the dimers, then they are also sufficient for the formation of
molecules during MUPE which is not likely under the soft larger clusters.
ionization conditions. Therefore, since it is unlikely thatthese The location of the cluster formation is crucial for any
fragments are formed during the ionization process, it istudy. Possibilities for the cluster formation are interaction in
concluded that the small fragment ions are most likely due tsolution during sample preparation, interaction during the
fragmentation of the peptide during the desorption procesdesorption and interaction between colliding molecules in the
without jet cooling. gas phase. Only the latter case, formation in the jet, allows for
Cooling of both processes in a jet is also essential for th&tudying gas-phase interactions between molecules. Figure 5
formation and detection of clusters. Cooling of the internashows a time-of-flight mass spectrum of the amino acid tryp-
degrees of freedom of the analyte molecules, especially thephane (trp) desorbed into a supersonic beam of argon con-
translational temperature, results in similar velocities of altaining benzene molecules. lonization was performed at 270
molecules in the jet. During multiple collisions in the expan-nm, a non-resonant wavelength of benzene at which trp shows
sion, clusters are formed by interactions between coliidingood absorption. In addition to the molecular ion of tngz(
molecules. High internal energies, however, result in-anim204), [trp—benzenk (x=1,2,3) clusters are detected. The
mediate dissociation of weakly bound species. The initiallformation of the hetero clusters can only take place during the
formed cluster is stable in the observation time of the expersupersonic expansion shortly after the nozzle, since this is the
ment only if the attractive forces between the moleculesnly place where interactions between a seeded benzene and
forming a cluster is greater than the internal energy of tha desorbed trp can take place during the experiment. Forma-
complex or if a cluster with high internal energy can be cooletion due to the desorption process is not possible since there
by additional collisions. A cluster, formed and stabilized asare no benzene molecules present in the solid sample. After
neutral, also hasto remain intact during post-ionization, whicthe expansion region there is a collision-free drift region,
was only observed with jet cooling. where no interactions between the molecules take place. Clus-
Of interest for cluster studies is the time distribution ofters containing one trp molecule and up to three benzene
clusters of different size in a supersonic beam. A time profilenolecules were detected. These clusters were formed during
for the cluster distribution in a supersonic jet of argon wasollisions of jet cooled molecules in the gas phase with less
obtained for benzene homo clusters (Figure 4). Benzene wagernal energy than the interaction forces. The observed clus-
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10000 Figure 5. Time-of-flight mass spectrum of laser desorbed
triyptophaneinto a seeded benzene argon jet. Hetero clusters
are formed in the expansion region in the gas phase.
5000
molecules. Jet cooling allows clusters of biomolecules to be
ionized and detected, even when a hard ionization technique,
0 such as El, is employed, since the clusters are formed with low
k internal energy. The homo clusters of trp gly containing up to
450 500 550 600 650 700 750 - five dipeptides ([trp—gly] m/z1305) were detected. Beside
time delay s 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

ter formation of a laser desorbed and a seeded molecule profBs-gly is detected with relative high abundance, while the
that jet gas and desorbed molecules undergo multiple coiiittachment of the fourth and fifth water molecule is less
sions until the velocities of both are similar enough to allowntense. The dimer of trp—gly and larger clusters show only
the formation of weak bonded clusters. little evidence of the addition of water molecules. While the

Optimized experimental parameters allowed for the deted’onomer is solvated in the gas phase by water molecules, the

tion of homo and hetero clusters of several types of bigP0sitions for water addition are probably blocked at the clus-

molecules including amino acids, peptides and nucleosideters due to peptide—peptide interactions. Since PEI is a non-

mass spectrum of the amino acid tryptophane (trp). Since the

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

204

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 (tgog
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 El ionization
of labile organic moleculé$,the dipeptide trp—glynt/z261)
was ionized by PEI. Figure 7 is the time-of-flight mass spec-
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trum of trp-—gly i-onized-with PEI. The Iase-r qesorbed trp—gl¥rigure 6. Time-of-flight mass spectrum of tryptophane homo
was entrained into a jet of argon containing seeded watefusters ionized with MUPI at 270 nm.
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100 formed with MUPI at 270 nm wavelength X24.6 eV = 9.2
243 eV), depositing an excess energy of less than 1.7 eV into the
261 clusters during ionization. The time-of-flight mass spectra of
trp-gly 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
[trp-glyl2 relevant molecules in the gas phase, due to weak molecule-
? [trp-gly]3 specific attractive intermolecular forces.
783 A mixture of ret and trp results in a spectrum with the
279 7 1044 molecular ions of trp and ret as base peaks, since both mole-
297 o M1 S 1308 cules are resonant enhanced ionized at 270 nm. The homo
bl .MM:.S: | I 99730‘l | cluster of the amino acid [trp—trp] is detected with 18%
0 A L u ioll . ;

0 50 100 150 200 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,
Figure 7. Time-of-flight mass spectrum of the dipeptide however, there is no preference observed for formation of this
trp-gly. Homo clusters [trp-gly], (x = 1-5) and hetero clus-cluster or special stabilizing interaction forces between ret and
itrelésuc[;:jpg?'(ﬁ;)('*zo)y] (y = 1-5) are detected with photo- 15 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
substantialr-system or functional group stabilizing interac-

ionized. The peptide and its cluster as well as high abundaHpns between retinol molecules. Desorption of a mixture of
signals due to the jet gas argonz40) and the doubly charged ret and tyr also shows the molecular ions of ret and tyr as base
argon (n/z 20) are detected. Also, water and other smalPeaks, both resonant enhanced ionized. The homo cluster
molecules are observed in the mass spectrum. [tyr—tyr] is detected with the relatively high abundance of
Another interesting feature is the observed loss of water ct0%, While the hetero cluster [ret-tyr] is detected with the low
the peptide monomer and clusters. All species lose up to &undance of 3%. Even the homo trimer of the amino acid
many water molecules as they contain dipeptides. Loss of oh@"—tyr—tyr] is detected with higher intensity (6%) than the
water molecule is observed for the peptide while loss of ond'etero cluster. Both the non-polar amino acid trp and the polar
two, three and four water molecules is seen for the clustémino acid tyr show no preference in forming a hetero cluster
[trp—gly], (M/z1044). In each case the fragment ions indicatWith ret in the gas phase. These results indicate that there are
ing the water loss are lower in intensity than the correspondirP Specific interactions between the amino acids trp and tyr
parent ion except in the case of the monomer. The signal @pd retinol molecules in the gas phase, which stabilize a
m/z 243 is significantly higher compared to the signals ofcluster.
cluster ions with one or more water loss. It should be noted A Mixture of ret and the base amino acid his, however,
that the water loss for peptides is a well-known mass speciréesults in a different cluster formation. Since the resonant
metric fragmentatiof? enhancement of absorption is weak for his at 270 nm, the
After proving the ability to form clusters of biomolecuies abundance of the molecular ion is only 22% . The hetero
with this technique we applied the technique to form [retiCluster [ret-his], however, has a relative abundance of 27%,
noid—amino acid] clusters. Retinoids are involved in-manygven higher than the molecular ion of his. The hetero cluster
photon-induced processes in organisms: Vision is initiated biyet-his] is the most abundant of all clusters detected within
a photo-inducedis—transisomerization of retinal bound to a this mixture, indicating a preference of this cluster due to
protein, and proton pumps through membranes contain iateractions between ret and his. Stabilization of a [ret-his]
protein-bound retinoid, to mention only two examples. Thecluster is due to attractive forces between the ret and the base
photon energy is absorbed by the retinoid prior to the changéde group of his. Theoretical calculations (QVFF, Insight
in chemical energy. The environment of the retinoid in thdBiosyn?’) reveal several energetic stable geometric configu-
protein is an important factor for these processes. Since tligtions for [ret-tyr] and [ret—trp] cluster while only one spe-
retinoids are surrounded by different amino acids of a proteirgjfic geometric configuration for the [ret-his] cluster was
we were interested in the interaction and cluster formation dbund to be significantly stabilized. [ret-his] clusters are
retinoids with different amino acids in the gas phasetralis ~ formed in a specific geometry. The calculations also indicate
retinol (ret,m/z286) was used as the retinoid and tryptophanstrong stabilization forces within the ionic form of the [ret—
(trp, m/z204) as an amino acid with a non-polar side grouphis] cluster. While [ret—trp] and [ret—tyr] clusters are detected
tyrosine (tyrm/z181) as an amino acid with a polar side grouponly with low abundance, the [ret-his] cluster is the most
and histidine (hign/z155) as an amino acid with a basic sideabundant cluster detected in a mixture of ret and his, indicating
group. The sample preparation avoided any interaction benolecular recognition between ret and his. Specific interac-
tween the analyte molecules in solution. lonization was petions between retinoids and certain amino acids, that rule
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Table 1. Summarized time-of-flight mass spectra ion abundances of mixtures of retinol and the amino acids trp, tyr and his,

ionized with MUPI at 270 nm. Note the high abundance of the [ret-his] hetero cluster.

Mixture Detected signals
A, B A B [A-B] [B-B] [A-A] [A-B-B] [B—B-B]
ret, trp ret trp* [ret—trp]’ [trp—trp]”
(m/z286) (Mm/z204) (M/z 490) (Mm/z408)
100% 100% 3%+ 0.5% 18%+ 2.3%
ret, tyr ret tyr* [ret-tyr]" [tyr—tyr]* [ret—ret] [tyr—tyr—tyr]
(m/z286) (m/z181) (m/z 467) (m/z362) (m/z572) (m/z543)
100% 80%+ 3.2% 3%+ 0.7% 30%+ 2.1% 2%+ 0.2% 6%
ret, his ref his [ret-his] fhis—his—HJ [ret=his—his]
(m/z286) (m/z155) (m/z441) {m/z311) (m/z596)
100% 22%+ 1.8% 27%+ 1.3% 20%+ 1.7% 8% 0.4%

important organism processes, are detected between sin@@lions. A mass spectrum of clustering between a dipeptide
molecules in the gas phase. Specific interactions and stabiliz!'d Water has been presented, demonstrating different affini-
ing attractive forces between ret and his molecules allow fdf€S Of the monomer and clusters to water molecules. Molecu-

high abundant detection of the hetero cluster [ret-his]. 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

Supersonic expansion and LD of neutrals were combinggynged neutral clusters of biomolecules in the gas phase,
to create a powerful tool to generate neutral clusters of b'oa'llowing for a wide range of promising applications.
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 desoiAcknowledgement
bed biomolecules. Collisional cooling after the desorpticn

process and cooling of the internal degrees of freedom before ThiS work has been supported by grants from the Deutsche
post-ionization allow the detection of intact molecular iond©rschungsgemeinschaft (Gr 917/1-3 and Gr 917/9-1). The

and clusters of thermal labile molecules. The environmerffuthors thank the Fonds der Chemischen Industrie for support.
generated by a supersonic expansion allows the formatiori of
weak bonded neutral clusters of biomolecules. Stable clustegs.«
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Letter: Support for the proposed observation by ionspray
mass spectrometry of piroxicam/pB-cyclodextrin and
terfenadine/B-cyclodextrin non-covalent inclusion complexes

Dear Sir ratio as for the related inclusion complexes. In both these cases

In recent years increasing effort has been directed to thee have observed the peaks of the protonated 1 : Pe@iy/
investigation of guest—host non-covalent inclusion complexeadducts amn/z1466.7 and 1606.7, respectively. These results
by mass spectrometry. Almost all of the so-called “soft” masare in agreement with an equilibrium between the inclusion
spectrometric methods have been exploited in order to gengremplexes and their components in solution, according to the
ate and characterise intact charged species in the gas phasb&iaviour already investigated in watdfurther, we have
such weak supramolecular associations. injected separately the solutions of pB+€D and of the drugs

We are presently concerrd@avith the study of the non-co- in the above concentrations through a coaxial capillary inlet,
valent inclusion complexes of guest-drug molecules-in-thé which contact of thf-CD and drug solutions was allowed
hydrophobic cavity of host-cyclic oligosaccharides such aenly just before the terminal tip. Also in this case we have
cyclodextrins (CDs). These complexes are of current interestserved the weak peaks of protonated 1 : 1 frG§ ad-
to the pharmaceutical industry, as they are able to improve titkicts atm/z 1466.7 and 1606.7, fdk and 2, respectively.
solubility, stability and bioavailability of the guest-drtig. While these results might suggest a rather fast formation of

We have reported receritifne first results of a study by the inclusion complexes from their free components in our
ionspray (I1S) mass spectrometry of the non-covalent inclu-polar medium, they do not rule out the possibility of formation
sion complexéof the anti-inflammatory piroxicahl), and  of the corresponding ion—molecule clusters. Therefore, in
also the antihistaminic terfenadn@) with B-cyclodextrin ~ order to probe such a point, we have run the IS mass spectra
(B-CD). Using this inherently mild technique we have beerPf the mechanical mixtures a&for 2 and maltohexaose (MH)
able to detect effectively the gaseous protonated and catioff-luka, CAS 34620-77-4), a non-cyclic oligosaccharide,
ated 1 : 1 dru@-CD adducts from the diluted solutions (5—20Which, obviously, is not able to give inclusion complexes
ppm in 50 : 50 (v : v) water/acetonitrile) of thend2/B-CD while it should not behave much differently frdsyCD as
inclusion complexes. Tandem-mass spectrorfedrperi- re_gards the capability of producing ion—molecule clusters
ments supported these restigd, very interestingly, they 'With 1or2. _ o
showed that collision-induced dissociation of the gaseous Very interestingly, operating in the same solvent and molar
protonated or cationated 1:1 diD adducts did not concentrations of MH plus drug and with addition of ammo-
generate protonated or cationafe€D species. Hence, the Nium acetate, as with t#feCD + drug mechanical mixtures
abundant protonated or cationa@€D species observed jn above, we did not observe the peaks of the protonated or
the normal IS mass spectra might reasonably be considered@@ionated 1 : 1 dru/CD adducts, and analogous negative
originate from freeB-CD, which is present in the sample results have_ been ob_talned even with 10 times more concen-
solution, due to the dissociation equilibrium of the complexedrated solutions. For instance, the IS mass spectrum of pure

according to the behaviour in water already investigated by!H (See Figure 1) is analogous to thaBe€D" and shows
NMR.3 he great predominance of the ammonium, with minor so-
dium, cationated speciesfz 1008.4 and 1013.4, respec-

Our previous resultshowever, did not allow the question * ) oy . .
to be answered as to whether true inclusion complexes ratht(!.'\few)'tWhIle the protonated speciea/¢991.3) is practically
sent.

than 1 : 1 drug@-CD clusters were detected as protonated oft _
In conclusion these results strongly support that the pro-

cationated species by IS mass spectrometry. In the present ) )
paper we report further experimental results, which can Cag%nated or cathnated L ;dngﬁD adducts we detected and
aracterised in the previous wbhy IS mass spectrometry

some light on this point. In particular, operating with the samé& 4 . .
instrument and conditions used previotishe have run the and MS/MS, were true host—guest inclusion complex species,

IS mass spectra of the mechanical mixtures of 10[pED rathi?ii):?anq Jll; s:vlvon—nmol::nculleXCIustrE]:(rjs];rMoreon\:er,r? rl?[thier: ft?ft
+ 1.6 ppm ofl or + 2.5 ppm of2, both dissolved in 1:1 equ um between compiexes a €€ components €

water/acetonitrile containing ammonium acetate1®2 M. polar solvent used is confirmed, and the {i@D present in

Such concentrations correspond to a 1 : 2 @@ molar
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Figure 1. lonspray mass spectrum of pure maltohexaose A
(MH). 3.

solution can be detected by IS mass spectrometry oniy as

ammonium or alkali cationated and not as protonated species.
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A reply to the comment on “Isodesmic reactions and
thermochemistry of ions”

Dear Sir

of the CHOCsH,C(OH)=CHC=O" structure. It was clear that

Readers will be aware that it is scarcely possible to find aeither kinetic shift nor reverse critical energy (at those times
compound which does not produce rearrangement ions undee, along with many other investigators, also admitted their
electron impact (EIl) (the processes of H- and C-scraimblingnportance) were responsible for the increas@fn since
are obviously included). There is a wealth of data collectebloth effects were virtually absent in nearly 20 structurally
by the international community of mass spectrometrists refelose compounds. The experimeri&lvalues corresponded
resenting hydrogen and skeletal rearrangements. Often pro- an ion of structure CGH,COCHC=0", the heat of
uct ions formed after isomerisation of any precursor iongormation (A\Hy) of the latter being estimated from the known
constitute the greater part of the total ion current. All thicheat of formation of the Ci€=0" ion. Only after several
means that in such cases the rearrangement processes ramnths of doubts and trials (thEs of these ions were
accessible both energetically and kinetically. In this respeesemeasured several times) could we answer the question of
we are saying nothing new to practicing mass spectrometristghy in the case of diketones containing theG&H,-group,
in our Accountt We give only the quantitative energetical an ion in its diketo-form was produced despite being less
grounds for both simple bond cleavage and rearrangemestable by 90 kJ mdl than its enol tautomer. The heats of

processes.

isomerizatiom\H,, of ionized ketoenol to its diketo-form are

It would seem that some readers consider that we reject t@06—0.8 eV for aliphatic (compare with 0.6 eV for acetdne)
easily such “respected” notions as kinetic shift, reverse criticalnd 1.0-1.1 eV for aromatig-diketone<. In most of the
energyEr and others. That is just not the case. Seven yeacompounds studied the values of the critical en&ggpr R

ago we measured appearance enerdiks)(of [M—-R]* (or

elimination from [RC(OH)=CHCOR" do not surpass the

[M-R]") ions originating from more than 20 aliphatic and AH;, values. But the introduction of the @btgroup drasti-
aromaticB-diketoneg In nearly all instances, we obtained cally decreases the ionization enertfy) (of the molecule

ions of structure RC(OH)=CH&D". Although neutral mole-

from 9.03 eV (R = gHs) to 8.23 eV (R = p-CK¥DCH,) and

cules off3-diketones in the gas phase exist predominiantly inly slightly decreases th®E [M—R{]*, due to the remote
one of two possible enol forms (with an admixture of ketoposition of the CkD-group from the breaking bond. Hence,
form and other enol), energetically accessible 1,3- (diketothe E, for R loss increases # 2.0 eV and the molecule ion
form - enol) or 1,5- (one enol to another) hydrogen shifts irgains an “energetical” opportunity to isomerize to an ionized
the molecule ion produce an ionized isomer which gives risdiketo-form, spending only 1.0 eV as compared with 2.0 eV

to the most stable fragment RC(OH)=C¥@Z. Even in isomers
CRC(OCH;)=CHCOCH and CECOCH=C(OCH)CH; the
AEs of (M-CHy)" [and of (M—-CE)’] ions were nearly identi-
cal, manifesting a facile GFftautomerization” in the moie-
cule ion?

AE [M-CHg]* 9.67 eV 9.66 eV
CF4C=CH—CCHJ™ CF4C=CH—CCHy~™
Ocr=b b crpd
AE [M-CRK;]* 9.71eV 9.76 eV

In CsHsCOCHCOR molecules (R=CHj, CHs, ¢-CgHyy,
CH,CgHs, CRs, N-C3F, N-CsF15, cyclo-GFy) at the thresholds
of [M-R']" formation, the ions of &1sC(OH)=CHCGO"
structures were obtained. Similarly, ¥6GC(OH)=CHCGO"
ions were registered fromXCgH,COCHCOCK; (X = CHs,
F, Br and H). But, surprisingly, in the case [f
CH;OGH,COCHCOR (R = CF; or n-Cg¢F;3), AEs [M—-R]*

for simple bond cleavage. Now, a newly born isomer decom-
poses through its two most energetically favourable processes
of simple bond cleavage giving @PIGH,COCHC=0" +
CF; and CHOGH.,C=0O" + CH,COCFE [but not
C'H=C(OH)CF] 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 Accodunt.

We consider that our Accodrdippeared at a proper time
after reading the comments of McAd@md the communica-
tion of Yooet al.? in which a kinetic shift of 30 eV(!) or 2900
kJ mof* was attributed to the decomposition of fullerene
molecule ions g™ - Cs* + G, with an estimatedg, 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
Css™ isomers (they should not be confused with ionized, stable
Csg-fullerene similar to &).6 Of course, we represent only
their fragments Fand K (Figure 1) presuming the structure

values were bg. 0.9 eV higher than those expected for ions
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—&=C 9 Q
—_— or
O
M0+o M1+. F1 Fy
AHf0 eV 34.4 42.9 42.7 46.3

AHLP(My™") = AH(Cqo) + IE(Cq) = 26.82 eV’ + 7.57 eV°® = 34.39 eV.

AHP (M H, or CgoH,) = AHL(CsgH,) — Co(H) + Cy(Cy) + Cy(H) = 28.0-0.14 + 0.25 + 1.17 = 29.28 eV.

AHL (ML) = AHP(M,) + AHL(HC=C") — AH°(HC=CH) + AH°(C¢Hs™) — AHL(CgHg) = 29.28 + 5.23-2.35 + 11.62 — 0.86 = 42.92 eV.
AHP(CsgH,) = AHL(Cgo) — 2[AHL(Cop : 60] + 2[Cx(H)] = 26.82 eV —2(0.446) + 2(0.145) = 28.0 eV.

AHP(FL) = AHL(CggH,) + AHP(CoHs™) + AHL(CHs') — 2AH°(CsHs) + AHgain(cyclobutene) = 28.0 + 11.62 + 3.53 — 2(0.86) + 1.29
=42.72eV.

AE(F,) = AH{(F;) + AHL ((C=C") — AHL(Cgo) = 42.72 + 6.16 — 26.82 = 22.1 eV.

Figure 1.Heats of formation of Cq,*™ and Cgg™" isomers. Cg(H) and Cy(C,) signify benzene C atoms attached to the H and carbon
of the triple bond, respectively; C,(H) indicates a carbon atom with triple bod attached to a H atom (see Reference 7).

of the rest of the molecule remains as in thglecule (the — experimentalAE values. We also suggested reasonable
thermochemical data were taken from References 7 and 8)mechanisms of their formation (Figure'2).

If an isomer kis assumed, then iBE becomes 25.7 in the further example of compound 5, instead of obtaining
eV. We do not think that enclosure of the second four-merniV-CHs]* ions of the expected structuresahd F with AEs
bered ring is possible in;FAny further opening of the (estimated) of 9.9 and 10.0 eV, respectively, we mea#ked
benzene ring in M will increase the heat of formation of 9.0 eV for [M—CH]* (IE = 8.84 eV) and estimated the heats
both the isomeric molecule iondC and the fragment ion | of formation of 35 GHsO* isomers rather than looking for
Css™, since theAAH; contribution from —&C- is higher - “hot bands” (Figure 3)*
thanC=Clin benzene, and will result in a further increase in  In our Account it was shown that elimination of HX from
the AE of the G¢* ion approaching the experimental value of[CH,=CHX]* ions (X = H, CH Br, Cl) occurs wittEg = 0.

AE Csg ion. In this instance of fullerene fragmentation, it isElimination of H from [CH;,CH;]™ does not indicate a no-
not necessary to call for a kinetic shift of 30 eV. ticeableEg value eitherAE (M—H,)" = 12.1 eV [by EF and

We are compelled to discuss all these dull calculation®E.a.= 11.93 eV (fromAH° C;Hs, H, and GH,*™)]. In our
(both in diketones and fullerene), because it is the only wagliscussion we omitted the processes of 1,1-elimination. Our
to represent a reasonable energetical picture of any fragmeamalysis of data taken from References 12 and 13 indicates
tation process. It is much easier to suggest a kinetic shift ameE,, = AE,. for [M=H,]" ions coming from Pk AsH;,
other effects than to estimate the heats of formation of possib&iH,, GeH, for FCH=C" formation from [FCH=CH*, for
isomers. Having measured tids [M—CH]* from com- — HFloss from [FCH=CH" giving* C=CH,. AEs only slightly
pounds 1-3 and [M—Clfrom compound 4 ([¢H;0] being  higher than calculatedEs have been observed for HBr
the only fragment at low energies), we estimated, instead, tf&om CH;Br), “NH (from NH,), **CF, (from CRCl,).}? At
heats of formation of 29 [E;0]" isomers using isodesmic the same time the high value AE H,™ 15.42 eV AE 4=
reactions and found the structures of ions corresponding t4.26 eV) originating from C}D**? can be explained by the

involvement of excited states at high valueaB$!* Such a
possibility was not discussed in our publicatidthis involve-

OCH=CHCH,

H C—@—OCH: CHCH, Q —CHs
2y PR S
F3 . ~CH;
H3C4©70C|'ECH:CH2 u@omzm:mz %COCI—%
3 4 -

Figure 2. Compounds 1-4. Figure 3. Compound 5 and fragments F; and F,.
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+ —/te
(CHg,CC=N CHCH=CH, + HN=C

A
| Ecr=0.6 eV Ecr=0.27 eV
: 4o

yo T R -

. . + . + e
CHz-(IZH(EN+ —> CH;CH(CH)C=NH <—> CHC(CH)C=NH —>  CH»=C(CH)—CH=N  —> CH2=CH(£| + HC=N
CH;
AHf (kJ mot-1) 1136 940 F5

Figure 4. Fragmentation of (CH;),CHCN.

ment could explain the high&E values for H loss from In our Accountwe did not reject completely the involve-
H,C=X* species (X = OH, Nk SH) although, to our know!- ment of isolated states or participation of processes with
edge, the experimental valuesAtEs for these processes are high-energy demands. Thus, we mentidribdt in our expe-
not available. An additional source of highdts in this case rience a small proportion of ions (1% or less) could be
could originate from the contribution of the isom&@s=X"  involved in highly energetical processes. This could be prob-
(having much higher heats of formation than their isomergably referred to some (but not all) metastables whose behav-
HC=0" and others) to the ionization efficiency curve. iour is the main source of data on high values of critical

The energetical and kinetic accessibility of 1,2-, 1,3- anenergies for reverse processes. Hence we propose to Profes-
1,4-H-shifts could be further illustrated by fragmentation ofsor McAdoo to come to a consensus that 99% of the
(CH3),CHCN molecules? IE = 11.53 eV,AE (M-27)" = processes taking place in both ion source and field free
11.52 eVAE,=11.34 eV ([CHCH=CH,]* + HC=N), AE-  regions behave in an “ergodic” manner, whereas the behav-
cac= 11.8 eV ([CHCH=CH,]* + HN=C)) (all thermochemi- iour of the rest is governed, possibly, by other driving forces.
cal data necessary for these calculations are taken froReturning t@3-diketones (see above), we remind the reader
References 8, 12 and 16). The mechanism of elimination @hat the structure gb-XC¢H,C(OH)=CHCGO" was estab-
cyanic acid includes at least three rearrangement processished for [M—CR]" ions originating from p-
all three occurring with zerB, and obviously possessilty = XCsH,COCH,COCK molecules (X = H, CH| Br, F) at low
values below those necessary for simple bond cleavages, @Bergies. But defocusing of metastable ions at 70 eV ionizing
eV and 0.27 eV in molecule ion and ios, Fespectively energy gave a linear correlation for the/l+ ratio and %
(Figure 4). [M—CF;]* (X =H, CHs, C(CHy);, F, Br and OCH. This

We quote Clark? “The above results not only suggest thatindicates the common structure of those molecule ions which
suprafacial 1,3-hydrogen shifts in olefin radical cationdose Ckin the field-free region, and since for X = OgtHe
should be facile processes but also hint at a general willingtructure CHOCGH,COCH,C=0* was proved (see above),
ness of radical cations to undergo sigmatropic rearrangemerte diketo-form should be attributed to the whole series. The
that would be difficult in the neutral parent molecules”. Forlatter structure for [M—C§" ions formed in the field-free
the moment, we think, we demonstrate enough proofs anegion is further supported by observation of the linear corre-
examples of accessibility of rearrangement processes in postion ofl 2/ I+’ ratio and % [M—CF;—CH,=C=0T for all
tively charged species. An explanation of an “asymmetriX except N(CH),.?
dissociation of the energized, structurally symmetric interme-
diate” (we quote McAdodxan be made in two ways without
suggesting the existence of “non-ergodic” processes. #llrst,
possible isomers [E:0]" should be considered (and not References
only [CH;COCH;]*™ and its enol form [Ck#C(OH)CH]*) 1. V.V. Takhistov and D.A. Ponomar&¥g. Mass Spec-
as possible precursors for €ldss. Second, hon-equivalence trom. 29, 395 (1994).
of CH; groups lost could be explained by fragmentation of th. V.M. Orlov, Y.V. Rashkes, T.V. Siretskaya and V.V.
ionized enol form (consistent with data in Reference 18) Takhistov,Zh. Obshch. Khim. (Rus$$,429 (1988).
(Figure 5).

* * \ _|+. ad
CHsC=0"+CHs = CH3TC|2=CH2 = CHgC=CH; —> CHsC=0"+CHjs
O—=H O—=

Figure 5. Non-equivalence of CH; groups.
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