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Abstract

Gas phase reactivity of the protonated and deprotonated diethylmethylphosphonate (DEMP), prepared under positiv
chemical ionization (PICI) and negative chemical ionization (NICI) conditions in an external high pressure source, was
investigated using a recent homemade quadrupole filter/ion trap tandem with an orthogonal ion beam transmission. lo
chemical study with regard to unimolecular dissociation is described, especially with regard to the ion stability at different
injection rf levels. The selective injection of the DEMPHand [DEMP — H] ™~ ions seems to be a very critical step that
depends upon the helium buffer gas pressure and the injectiomlaeutoff values (LMCO). Indeed, if the parent ion
abundance rises up to 50% of total ion current at a low injection rf level (LMCO of 25 Th), as LMCO is increased extend
fragmentations are favored. Such decompositions mainly involved 1-5 proton transfers leading to competitive and/o
consecutive losses of ethylene and water. The ion abundance versus the injection rf level presents real energy resolv
dependence. lon/molecule reactions initiated by reactive fragments of externally prepared DEMBHPO", P(OH),
H,C=P(OH);, O=P(OH);, H,C-POEt, H,C-PO(OCH)*, H,C(OH),P=OH", H,C-PO(OEtf, CHy(OEt)HP-OH",
CH;(OH)(CH,=CHO)P-OH™, CH,4(OH)(OEt)P-OH", CH,(OCH,)(CH,=CHO)P-OH"] have been investigated. These frag-
ment ions, selected using a quadrupole filter, induce selective ion/molecule reactions with the DEMP molecules directly
introduced into the ion trap cell. The exothermic reactions observed are (1) a proton transfer process and (2) proton-bour
dimer formation, as well as stepwise addition/elimination reactions in which the first electrophilic attack at the phosphorous
site of the DEMP is followed by ethylene loss. On the other hand, by selecting and injecting negative ions like alkoxide specie:
(externally formed from aliphatic alcohols in NICI), nucleophilic attacks such agzaFSpathway on DEMP can occur.
However, most of the ions are generated by elimination and/or deprotonation mechanisms. Alkoxide size and alcohc
nucleophilic character significantly influence the orientation of the various ion/molecule reactions. (Int J Mass Spectrom
195/196 (2000) 121-138) © 2000 Elsevier Science B.V.
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1. Introduction mass spectrometer (Q/ITMS) tandem was used. It
allows one to selectively study ion/molecule reactions

Since the United Nations Chemical Weapons Con- induced by both the thermalized positive or negative
vention and the Paris Treaty signature, identification ions. A similar off-axis geometry has already been
and detection of volatile organic compounds, such as used by Pedder et al. [11]. In our improved Q/ITMS,
pesticides and chemical warfare agents and their secondary ion/molecule reactions leading to artifacts
degradation products, have been a topical subjectare avoided by the use of both the ion deflector lenses
[1,2]. This necessitates the development of analytical and by the use of differential pumping between the
methods for unambiguous detection and identification quadrupole mass filter and the ion trap analyzer
of organophosphorus compounds (OPC) present in manifolds.
trace levels from a complex matrix.

The ion trap mass spectrometer can be a useful tool
for such investigations, but applications of the com-
mercially available quadrupole ion trap instruments
are restricted to low molecular weight species and to
positive ion mode. In fact, efficient in situ formation
of negative ions is difficult to achieve [3,4]. More-

2. Experimental

All experiments were performed with an off-axis
geometry quadrupole/ion trap tandem (Fig. 1). The
over, trapping of the molecular and fragment ions as instrument was composed of a Nermag R10-10 qua-

' drupole mass filter combined with a dual electron

well as their neutral parents during long ionization . .. L

q tion ti lead t desirabl ionization/chemical ionization (EI/CI) source and a
an hreac |or:f |.me.s i‘,"m eg 0 l(Jjntheswa eltproc_ess/es,:mmgan Mat ion trap mass spectrometer (ITMS). A
such as self ionization [5], an € resulling lon qguadrupolar electrostatic deflector with a perpendicu-

r.nolec:cjle reacthns |Iaos|e dlffICU.|tIe-S |n. the interpreta- lar geometry links both the linear quadrupole and the
tion of conventional electron ionization (EI) mass ion trap mass spectrometer.

spectra. The use of an external source for producing The possibility of using this homemade tandem as

reagent and analyte ions seems to be an atlractive, gimpje quadrupole analyzer or as an ion trap device
alternative to overcome these difficulties [6]. Creation permits the comparison of data recorded in different
of reagent ions in an external ion source and their analyzing modes, but this was also important for
injection into the ion trap can aid the study of qsiimizing the selected ion beam before injection into
ion/molecule processes [7]. In order to increase the {he jon trap reaction cell. The electrode potentials
specificity of ion/molecule reactions by the selection yere adjusted according to the chosen working mode:
of reagent ions, different tandem hybrid instruments ¢ g quadrupole/MS, ITMS, or tandem Q/ITMS. The
have already been built by coupling a conventional g|/C| mixed source was used as an external source:
ion beam analyzer with an ion trap. For example, the potentials applied to the ion source and to the
double sector analyzers such as E/B and B/E systemsextractor, the ion kinetic energy, and the quadrupole
[8] or more complex tandem instruments such as deflector lenses were adjusted to optimize the ion
BE—quistor—quadrupole [9] or quadrupole—ion trap— beam transmission efficiency. The experimental con-
quadrupole [10] instruments were developed. ditions employed for preparing positive ions were:
In the present work, specific ions were prepared filament 100 mA, electron energy 90 eV, ,ce= 16
from DEMP using positive and negative ion chemical V andV,gpeer= —18 V, source temperature 150 °C.
ionization (Cl). Their behavior toward collision-in-  In ammonia Cl experiments, NHand DEMP pres
duced dissociation (CID) and particular nucleophilic/ sures (not corrected) were abd®y,; = 2 X 104
electrophilic reactions yielding diagnostic ion/mole- Torr (0.03 Pa) an®Ppgye = 5 X 107 Torr (6.7 X
cule reactions was investigated. In order to attain our 10> Pa). This optimization step is required before
goal, a homemade 90° geometry quadrupole/ion trap each injection experiment. The externally created ions
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Fig. 1. Scheme of the Nermag R10-10 quadrupole mass filter combined with a modified dual EI/CI source and the Finnigan (ITMS) tanden
instrument with a 90° geometry electrostatic deflector.

are then injected into the ion trap reaction cell through action studies is given in Fig. 2. After a 50 ms
the quadrupolar off-line deflector lenses. However, injection period (A), the isolation step (B) is followed
the ion transmission efficiency has been estimated at by the ion/molecule reaction period (C); the produced
lower than 1%, yielding a low sensitivity, so optimi- ions were then detected by ramping the driving rf
zation of this ion injection step is essential to study the potential amplitude (scan rate: 5555 Th/s) (D) using
reactivity of the selected organophosphorus ions to- the mass-selective instability scan [12]. The analytical
ward neutral species introduced into the ion trap scan was combined with an axial modulation [13] (1.5
reaction cell. Optimization of the injection parameters V,_,andf < 550 kHz) to improve sensitivity as well
such as the injection rf amplitude level and the helium as resolution. The DEMP substrate used was given by
pressure (fixed at & 10 * Torr ~ 0.05 Pa) also  the Centre d’Etudes du Bouchet (CEB) with a purity
determine the trapping efficiency. Detection was of 83%.
achieved by using an electron multiplier (Channeltron
Galileo) combined with a conversion dynode (operat-
ing voltage:=4000 V, according to the polarity of the
studied ions). Alkylphosphonate diester belongs to the impor-
The scan function employed for ion/molecule re- tant class of organophosphorus compounds [14]

3. Results and discussion

RF injection
Low Mass Cut Off (D)
(LMCO) ®)

N @
RF voltage

+150 V
-150 V——IEI Lens gate voltage
AT Axial modulation voltage

Fig. 2. Scan function employed for the ion/molecule reaction studies.
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Fig. 3. Dependence of the relative abundances % of the producednidrizd, m/z97,m/z127) from the selected DEMPHm/z153) injection

upon the injection rf level potential values.

and are attractive target molecules for systematic 3.1. Optimization of DEMPH and [DEMP — H] ~

studies of ion chemistry that might assist in terms
of their identification and detection at trace levels
(e.g. in environmental studies). The methylphos-

phonates are currently used as models under El

conditions for studying molecular ion isomerization

(ester/enol as a reversible tautomeric reaction [15]).
Under our conditions, in the quadrupole ion source,

ionization of the diethylmethylphosphonate does
not give rise to stable odd-electron*Mmolecular
ions. Indeed, it decomposes readily into even-
electron fragment ions (noted as FH weak abun-

dances of odd-electron fragment ions are also
observed. In order to approach problems of molec-

ular structure, fragmentations of the ionized OPC

have been scrutinized in positive and negative

[16,17] ion modes. Using a conventional ion trap,
Mechin et al. [5] showed that under EI conditions,
the odd-electron molecular ions of OPC completely

injection step: influence of injection rf level on the
ion stability

The injection of the protonated DEMPHions
(m/z 153) was first examined and the resulting ions

were analyzed by the ion trap. The quasimolecular

ions were generated under ammonia PICI conditions
in the external high-pressure source and were injected
into the ion trap reaction cell according to various
injection rf level values [called lowm/z cutoff
(LMCO) in Thomson units]. This parameter corre-

sponds to the lowem/zion that can be trapped and

determines the ion positiorgy) in the stability dia
gram, during the injection period. The dependence of
the relative abundance of the DEMPlbns observed
during the injection period versus the injection cutoff

values is reported in Fig. 3.

Scrutinizing these ion dependences, it is obvious

decomposed and that these fragment ions gave risethat DEMPH' is always introduced into the ion trap

to the formation of MH by self-ionization pro-
cesses [5]. This behavior is characteristic of DEMP,
and the DEMPH ion (m/z153) is observed under
El conditions. Positive ion CI provides similar
even-electron molecular species.

under favorable conditions of dissociation. Indeed,
even when the linear quadrupole is used as an ion
selector for selective injection of th&/z 153 ions,
consecutive dissociations are observed and lead to the
m/z 125, m/z97, andm/z 79 fragment ions (Scheme
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Scheme 1. Produced ions generated by consecutive decompositions of the DEMPEh/z 153) during its injection period.

1). Alternatively, if it is possible to detect the frag-
ment ions through all of the studied LMCO range,
then the efficient trapping of DEMPHions is diffi
cult. The low LMCO range that allows the observa-
tion of the precursom/z153 ion can be explained by
assuming that a minimum LMCO (which can be
related to the injection, parameter value) is required
for an efficient trapping of polyatomic ions [18].
Moreover, at high LMCO values, collisions with
helium are sufficiently energetic that dissociation
processes induced by collision yield a loss of the
MH™ signal intensity. The fast decline of MHion
intensity as the injectiomy, rises (whereas the frag

tandem triple quadrupole mass spectrometer. At high
energy HC=P(OH); (m/z79) and PO (m/z47) ions
formed due to consecutive losses of ,JHGOH +
H,0] were detected. In the homemade Q/ITMS in
strument used, the POions were not detected even
when LMCO was increased from 20—-36 Th, i.e. high
g, values (0.4-0.7). This usually corresponds to an
accumulation of internal energy due to an increase in
kinetic energy that is consistent with the depth of the
pseudo-potential well [23]. Thus, the energy depos-
ited on the selected precursor ion during the injection
step seems to be limited.

The behavior of deprotonated molecules (noted as

ment abundance increases) has also been noticed byDEMP — H]~, m/z 151, prepared in the external

Robb et al. [19a] and explained previously.

Another main observation is the role played by the
LMCO (Fig. 3) on the orientation of the consecutive
fragmentations during the ion injection step [19b]. At
lower LMCO values, the first rearrangement process
yieldingm/z125 by loss of ethylene is favored. As the
rf injection level is raised, the relative abundance of
both them/z 153 andm/z 125 ions falls down. The
parent ions acquire higher internal energy during the
injection step due to collisions with helium atoms that
lead to the DEMPH ions dissociation, i.e. consecu
tive ethylene and water lossesfz 97 andm/z 79
ions). Fig. 3 can be considered in terms of energy
resolved mass spectrometry (ERMS) breakdown
curves [20]. ERMS curves of organophosphonate
compounds including DEMPH ions have already
been constructed by Wensing et al. [21,22] using a

source under ammonia NICI conditions) selected
through the quadrupolar filter of the tandem (Fig. 4),
presents trends similar to that observed for the se-
lected protonated molecules. Indeed, the better trap-
ping efficiency of the injected [DEMP- H] ™~ ions
corresponds to a LMCO value of 25 Th, as observed
for the DEMPH' ions. Moreover, dissociation acti
vation takes place during the injection step and
fragment ions are produced. However, by comparing
the behavior of the ions in positive and negative
modes, some differences can be highlighted: (1) at
low LMCO values, the precursor [DEMP H] ™ ion
appears much more abundant (45% of the ionic
current) than the DEMPH (10% of the ionic cur
rent), as shown by the breakdown curves (Figs. 3 and
4). As the LMCO is increased, relative abundance of
the species reaches 55% for both ions. However,
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Fig. 4. Dependence of the relative abundances % of the producedndn€3, m/z 79, m/z95, m/z107,m/z123, m/z151) from selected
[DEMP — H]~ (m/z151) injection upon the injection rf level potential values.

[DEMP — H]™ ions completely disappear when the C,H,]™ ions takes place (Scheme 2), leading to the
LMCO exceeds 35 Th, whereas DEMHons are formation of m/z 95 andm/z 79, respectively. (3)
observed for LMCO up to 50 Th. (2) In the negative Consecutive loss of two 1,0 ions (i.e. ([DEMP—
mode numerous dissociative processes are observedH) — 2C,H,0], m/z63) can also occur and similar
The major direct GH, loss ([DEMP— H — C,H,] ™~ elimination has already been observed in the positive
m/z125 70% of the ion current at a LMCO of 30 Th) mode from DEMPH in triple quadrupole instrument
competes with the minor 1,0 elimination (n/z107, experiments [21,24] yielding [DEMPH- 2C,H,0]*

7% of the ionic current at a LMCO of 30 Th, Scheme (m/z 65). Such consecutive dissociations are not
2). For a LMCO greater than 35 Th, competitive loss detected in the tandem instrument. Instead, a weak
of C,H, and GH,O from the [(DEMP— H) — signal corresponding to thea/z 79 ion is observed,
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Scheme 2. Produced ions during injection of the selected [DEMH] ~ ions (n/z151).
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coming either fronm/z97 ions via consecutive water
loss [DEMPH— 2CH, — H,O]" or from direct
elimination of ethanol from the fragment/z125 ions
(Scheme 1).

At low LMCO values, the weak dissociation yield-
ing consecutive @H, losses indicates that the
[DEMP — H] ions are more stable than the proto
nated DEMPH molecules. This is confirmed by the
shift of the ion appearance LMCO threshold of
[(DEMP — H) — 2C,H,]~ (m/z95) compared to that
of the LMCO threshold of then/z97 ions. In order to
reach a relative intensity of 10%, the LMCO value has

to be higher than 30 Th, whereas for the correspond-

ing [DEMPH — 2C,H,]" (m/z 97) obtained from a
positive even-electron ion precursor, the relative in-
tensity is already greater than 10% at a LMCO of 20

Th. Such a stability is expected because the exother-

micity of the deprotonation reaction is carried out by

127

form should not be reactive toward electrophilic
attachment with DEMP and will isomerize into its
initial ester form prior to any bimolecular process.
lons resulting from the FFYDEMP reactions, gener
ated after a reaction time of 20 ms, are summarized in
Table 1. Similar experiments have already been per-
formed in an in situ ionization conventional ion trap
[5b] (not discussed here). The information obtained
from reaction in the tandem can help one to better
understand the processes that took place during in situ
experiments. The usual DEMPHons (m/z153) and

the [DEMPLH™ dimeric ions (n/z305) were formed
from ion/molecule reactions induced by all selected
reagent ions (i.e. FH fragment ions). The solvation
reactions of the even-electron ion are always exother-
mic processes because charge solvation constitutes a
significant potential energy stabilization through
charge dilution. In certain cases [DEMP, FHgan,

the lost neutral. The deprotonated molecules obtained however, be detected under low abundance according

under NICI conditions are then generally assumed to
be stable in contrast with the protonated molecules
that carry out exothermicity of the proton transfer
reaction [25]. Furthermore, the special nature of the
charged P-O bond confers a good stability to
[DEMP — H]™ compared to that of the positively
charged ROH" bond in the protonated DEMPH
molecules. On the other hand, this implies that the
P=OH" is more activated than the negatively charged
P-O" bond.

3.2. lon/molecule reactions between FHragment
ions and DEMP molecules

FH™ fragment ions, generated under El conditions
by the dissociation of odd-electron DEMPmolecu
lar ions were selectively injected into the ion trap
reaction cell to react with DEMP through a liquid
sample introduction system. No attention was paid to
the reactivity of the odd-electron ions (DEMPor
fragment ions) injection and reactivity. The tauto-
meric reaction observed in the Mion is described in
literature [15], but such a 1-3 proton transfer is not
mentioned for MH or FH" ions and will not be
considered in the following discussion. Indeed, for-
mation of a protonated enolic GHP(OGH5),OH,

to two modes.

The first mode of attachment, which involves the
orientation for the formation of noncovalent adduct
species, depends upon the protonatedMhblecule
or even-electron fragment FHions ability to gener
ate long-life proton bound homogeneous or heteroge-
neous dimers [26] by reaction with the DEMP neutral.
To observe such proton-bound dimers: (1) the com-
ponents (constituted by electron lone pairs and/or
unsaturation) of the dimer must have similar gas
phase basicities [27]. (2) The proton affinity of both
components must be as low as possible [27]. (3) The
depth of the potential energy well characterizing the
solvation process must be sufficiently large (e.g. from
40-100 kJ mot?) [28].

The FH" fragment ions such as [¢€)(HsCO)
(CH,=CHO)P=-OH"] (m/z137), [(H,C)(HO)(C,Hs0)
P=OH"] (m/z125), [(H;C)(HO)(CH,~CHO)P-OH"]
(m/z123), [(H,C)(HO)LP=OH"] (m/z97), [O=P(OH);]
(m/z 81), [H,C=P(OHY] (m/z 79), and [P(OHJ]
(m/z65) can be considered protonated forms of alkyl
or dialkyl phosphonic acid. They are characterized by
lower proton affinity than the corresponding diester
phosphonates [29] and they can yield noncovalent
heterodimers as well as proton exchange processes
that can compete with other reaction pathways.
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Table 1
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Detected ions during the ion/molecule reaction between thé ffement ions and DEMP neutrals, using the tandem Q/ITMS after 20
ms reaction time (the ion abundances normalized at 100% of the total ionic current are reported in brackets)

[FH" + M] DEMPH" DEMPH*
Selected reagent or [F* + M] [A — 28]" [B — 28]*" [C — 78]" m/z153 m/z305
ion FH* (F") At B* c* D* MH™* M, H* Other ions
m/z47 (29.6) m/z199 (0.5) m/z171(0.7)  m/z143 (11.9) (26.6) (9.9 m/z97 (20)
m/z125 (0.4)
m/z65 (20.4) (40.9) (36.9) m/z97 (0.7)
m/z125 (0.6)
m/z79 (31.4) m/z203 (1.2)  m/z175(7.4)  m/z97 (28.7)  (24.8) (5.6) m/z125 (0.4)
m/z143 (0.4)
m/z81 (48.5) m/z177 (1) m/z99 (30.2)  (31) (8.1) m/z125 (1)
m/z91 (3.4) m/z243 (1.6) m/z215(0.75) m/z187 (1.3)  m/z109 (37)  (35.6) (17.2) m/z97 (0.6)
m/z125 (0.6)
m/z93 (22.2) m/z217 (0.4)  m/z189 (0.4)  m/z111(5.2)  (49.7) (20.2) m/z97 (0.6)
m/z125 (0.7)
m/z97 (43.6) (37.5) (16.7) m/z125 (0.1)
m/z175 (1.6)
m/z107 (2.9) m/z231(0.3)  m/z203(1.9) m/z125(L.7)  (57.6) (22.4) m/z97 (4.7)
m/z175 (10.6)
m/z109 (35.6) (44) (16.1) m/z97 (0.4)
m/z125 (0.25)
m/z123 (23.9) (49.6) (25.7) m/z125 (0.5)
m/z125 (24.6)  m/z277 (1.5) (46.5) (27)
m/z137 (19.3)  m/z289 (2.2) (38.8) (27.2) m/z125 (0.4)

The second mode of attachment implies a covalent
charge solvation and may take place if the energy
pathway does not have a large intrinsic barrier, which
kinetically limits the efficiency of the ion/molecule
reaction, hindering the formation of product ions
coming from the attachment processes.

Considering the fact that the heterodimer ions
observed exist within the covalent and noncovalent
forms, the results reported in Table 1 allow one to
classify the reactant ions according to their potential
capacity to produce one form or another preferen-
tially. However, the important reaction pathway is
always the protonation and the formation of [DEMP,
FH"] and the heterodimer may be considered to be
formed through a minor pathway. Furthermore, pro-
tonation may take place by proton exchange from
second generation product ions as well as directly
from FH" ions through formation of excited [DEMP,
FH™] ions.

So, three different types of FHreagent ions (or
nonprotonated even-electrori Bpecies, as PQ can
be described: (1) the selected/z 125 andm/z 137

ions leading to relatively stable noncovalent hetero-
geneous dimers that partially decompose into thé FH
and DEMPH" ions according to the respective basic-
ity of the corresponding neutrals; (2) the seleate/d

65, m/z97, m/z109, andm/z 123 ions for which no
heterogeneous dimers (very reactive towards dissoci-
ations) are detected; (3) the ions yielding preferen-
tially covalent heterogeneous dimers (n&z47, m/z

79, m/z 81, m/z 91, m/z 93, m/z 107), that can
dissociate by loss of small neutral species, such as
C,H,.

In the ion trap reaction cell, the selected and
injected ions exothermically react with the introduced
DEMP sample and the ions formed can possess
significant internal energy. Collisional relaxation of
internal energy by helium must be inefficient [30a] in
contrast to collisions produced with the neutral sam-
ple [30b] even if present in weak partial pressure
compared to the helium bath gas. Note that the
internal energy relaxation of covalent adduct species
must differ during collision with the DEMP neutral
species because of the cross section variation due to
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modification of the charge environment (steric hin-
drance of the DEMP approach). Thus, mainly two
populations of solvated ions [FH DEMP] (or [F',
DEMP]), i.e. both the relaxed and excited species
must be considered according to their respective
structure (Table 1). Similar species were found in
experiments with a conventional ion trap in which the
FH" and F" ions [5b] were prepared.

Formation of characteristion/z 97 and m/z 125
product ions was observed in most of the experiments.
It is difficult to know whether they were formed by
the decompositions of the DEMPHons (m/z153) or
by the consecutive fragmentations of covalent dimeric
ions. The decompositions of MHions cannot be
ruled out. Considering the fact that exothermicity of
the MH" formation increases as the reactantz
decreases, it is expected that the internal energy of the
formedm/z153 ions will be larger when the ions are
generated by the ion/molecule reactions with smaller

reagent ions. So, importance of the consecutive losses

from DEMPH' ions (measured from the/z 97/m/z
125 ratio) should be greater as the reagent rioz
value decreases. Because this ratio seemed rathe
constant (except for the particulaw/z47,m/z79, and
m/z 81 reagent ions), it can be assumed that the
protonatedn/z 153 molecules are sufficiently relaxed
by collision with the DEMP neutrals and thus, the
exothermicity of ion/moleculeeactions is dispersed.
Consequently, other origins must pemposed for these
m/z 97 and m/z 125 fragment ions and only the
formation of such ions with an abundance greater than
1% are discussed here.

3.2.1. Proton-bound homogeneous dimers
[DEMP],H™ and noncovalent heterogeneous
[FH™, DEMP] forms

In most of the cases (Table 1), the proton-bound
heterodimers should be highly unstable and should

[FH'2DEMP] —>F + [ DEMPH',DEMP]’
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readily decompose according to higher rate constants
than those of the more stable covalent dimers. Their
formation can be followed by dissociation [less endo-
thermic pathway, Eqg. (1)] or they can react with a
DEMP neutral yielding a more stable [DEMP*
homogenous dimer by ligand F/DEMP exchange [Eq.
).

The dissociation orientation of the [FH DEMP]
heterodimer towards the competitive formation of
DEMPH" rather than FH [Eq. (1)] corresponds to a
lower endothermic dimer dissociation because proton
affinity (PA) of the DEMP neutral must be higher than
any F fragment neutral. In most of the ion/molecule
reactions, the total ionic current of the DEMPHnd
[DEMP],H™ ions is higher than (or close to) any
product ion and even greater than the ‘Fldbun
dances (Table 1).

Reaction of the excited [DEMP, FH* het-
erodimeric ions towards DEMP leads to formation of
proton-bound homogeneous [DEMP]" dimers.
This ligand exchange will be exothermically favored
IEq. (2)] because PA< PApgyp, as assumed previ
ously. This means that the homogeneous proton-
bound dimers are expected to be more stable than the
heterogeneous proton bound dimers [27b]. Further-
more, it is expected that stabilizing collisions with
DEMP vyield more internal energy relaxation for the
[DEMP],H™ ion than for the unstable [DEMP, FH
heterodimer.

The fact that the noncovalent dimers are stable if
the PA of both components are close permits one to
explain why the [DEMP, FH] dimer ions (i.e.m/z
277 andm/z289) were observed with the/z125 and
m/z 137 monoester reagent ions, respectively. Thus,
no consecutive decomposition is detected, so the
corresponding [FH, DEMP] dimers can be consid
ered a noncovalent system because decompositions of

u —

(1)

(2)
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the proton bound dimer yields either DEMPHnd/or
FH" and not fragment ions due to ethylene loss. To be
characterized by such a reactivity, proton affinity of
the (H;C)(OH)(OEt)P-O neutral (corresponding to
them/z125 ion) has to be sufficiently close to that of
the DEMP diester to yield then/z 277 dimer (i.e.
1.5% Table 1). For the reagent ionraiz 137, such

V. Steiner et al./International Journal of Mass Spectrometry 195/196 (2000) 121-138

ions (i.e. 20%, 30%, and 5%, respectively). These
ions can have a different origin; ions coming from
reaction with them/z47 reagent ion can be produced
from the dissociation of the adduct [PODEMP]. By
consecutive losses of two,B, (Scheme 4am/z143

ion is formed and can react with a second DEMP
neutral via a second electrophilic attack. The final loss

behavior cannot be expected because the ion structurepf 78 u (i.e. CHPO,) should yield fragment ions

already known is in unprotonated form. A kind of
particular isomerization must likely take place to yield
observation of the exothermic proton transfer. This

expected am/z65 [Scheme 3(a)] nevertheless, those
ions are not detected. This can be explained by
considering that them/z 65 ions can competitively

idea has not been developed herein, however, exper-raact with DEMP molecules to produce MHons

iments using deuterium labeling could help to ratio-
nalize the mechanism of this reaction. We emphasize

(Table 1).
For m/z97 formed by the reaction of DEMP with

that the reactions between reagent ions prepared inthe,, ., 107 and m/z 79. different pathways can be

ion trap mass spectrometer and the DEMP neutrals
also allow the formation of [DEMBH™" ions, at

though its abundance is closer or slightly lower than
that observed from the tandem Q/ITMS experiments.

3.2.2. Observation of covalent dimers

Another class of reagent ions including={p"]
m/z47, [H,C=P(OH) ] m/z79, [O=P(OH); ] m/z81,
[H;C—P-OEt"] m/z91, [H;,C—P-O(OCH,)*] m/z93,
and [H,C-P-O(OEt)"] m/z 107 present a character
istic behavior toward the DEMP molecule. The reac-
tivity of these reagent ions seems very similar. Indeed,
all of these ion/molecule reactions yield: (1) mainly
homogeneous proton-bound [DEMP]"~ dimer ions
by the exothermic exchange of ligand FFDEMP (or
[F*/DEMP], Table 1) that dissociate into DEMPH
as the major ion; (2) the excited covalent [FH
DEMP] dimers, for a minor contribution that are
produced by an electrophilic attack at phosphorus
atom induced by the FHF' reagent ion. These

proposed: either the consecutive decompositions of
their respective covalent [DEMP, 107hnd [DEMP,
79]" adduct ions (Scheme BY the dissociation of the
ion dipole complex [Scheme 5(c)] intm/z97 rather
than into the complementamg/z79 ion (similar to the
precursor ion). The observation af/z 97 from the
latter ion is possible because the basicity of €8,

is lower than that of CEP(OH),O. The presence, in
most of the reactions, of smath/z125 ions was also
elucidated by fragmentation of the covalent dimer
after the simple loss of one ethylene molecule; the
proposed mechanism is shown in Scheme 3(c) for the
m/z 107 reagent ions.

Looking at these results, it seems that the distribu-
tion of the kinetic energy of the ions injected using
Q/ITMS tandem is broader than that found for the in
situ ionization experiments [5b]. Indeed, a fraction of
the injected ions relaxes kinetically by collision with
helium atoms that allow production of [DEMM™
adduct ions in high abundance. The remaining ions do

dimers promptly decompose by consecutive losses of Not relax efficiently and they carry higher internal

two ethylene molecules and finally by the loss of a
78 u neutral (i.e. CEPQ,) as reported in Scheme 3.
In most of the reactions, a weak abundancend
97 andm/z 125 product ions (generated from the
covalent adduct ions) can be noticed (Table 1).
However, the protonated methylphosphonate diacid
m/z 97 is provided in a relatively significant abun-
dance from then/z47, m/z79, andm/z 107 reagent

energy. It can be considered that the reactions leading
to the fragmentation of [FH, DEMP]H covalent
heterodimers are necessarily endothermic via a tight
transition state. A significant amount of internal en-
ergy is required to cross the bottleneck of the reaction
for consecutive decomposition. Because they are
present in significant abundance it can be assumed
that part of these dimers are excited in the tandem.



V. Steiner et al./International Journal of Mass Spectrometry 195/196 (2000) 121-138 131

a)
Hs CHs HsC
/ 3
+/\_ /OEt P/O\K\ -CoHy lfo\@
Oo=P O*R — & Y OCHs » P—O—F) ™2
/N
miz 47 ,3 > /j HO,. orpy O
C,Hs HLLCHy
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Scheme 3. Consecutive decomposition yielding losses of two ethylene molecules and a loss of a 78 u neutral by reactin4df, (@)
m/z91, (c) m/z93, andm/z 107 ions on DEMP, from the minor covalent [FHDEMP] adduct ions.
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Scheme 4. Particular formation of the/z97 ion from reaction ofm/z47 ions on two DEMP molecules.

3.3. lon/molecule reactions induced by negative tion conditions. An interesting alternative is to form
alkoxide species negative ions outside the ion trap and then inject them
As previously shown [3,31], in a conventional ion into the ion trap cell. The homemade Q/ITMS tandem
trap (i.e. under in situ electron capture ionization condi- Offers an attractive possibility to study the reactivity
tions) both positive and negative species are trappedOf selected negative ions such as the Rakoxides
concurrently. However, formation efficiency of neg- toward the acid and/or electrophilic DEMP reagent.
ative ions is very low compared to the formation of Instead of introducing directly the ROalkoxide
positive ions and hence the proportion of negative into the ion-trap cell, the corresponding proton-bound
species is weak. It is quite difficult to invert the homogeneous [RO,H* dimers were selectively in-
positive/negative ion ratio during these in situ ioniza- troduced. Selection of the dimeric ions was preferred

HO H. OFEt OEt
+ Et o/ \ _OH O/
H C‘PQOH OFt H3C_-E: + \l?=CH2 H3C P/ R
* Xo RS . Q o) i~ Jon + O
CH d 2
m/z 79 2 H((}CHZ m/z 97 CaHy
{miz231 H,
HQ +H3(|:_O ®) HQ
HSC_,P’%@AO —— HiC—P=OH + CHPO, + Cat,
HO H\ ry HO
Hzc_CHZ
m/z 203 m/z 97
HsC
HaC Hg-oJ" P/Cg o) HO sll:”o H CH(Ig'OH+
3C—P=Q7R=0 © _ —p= ‘ 3C-P=
OH 0 HaC ZH ﬁ I [T on + CHPO,
m/iz175 H H‘g" mlz 97

Scheme 5. Formation ofi/z97 ions through ion/molecule reactions; (a) from the decomposition of the [DEMB-P{O}H*] m/z231 adduct
ion; (b) from the decomposition of th@/z203 ion; (c) from them/z175 ion via an isomerization into an ion—dipole complex.
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Table 2
Product ions observed during ion/molecule reactions between selected alkoxide reagent and DEMP neutrals after a reaction time of 50 mr
the AH2,, of the alcohols are also reported

Alkoxide Achldgs
reagent Product ions kJ mol*
CH;O™ m/z31 m/z123 m/z151 1595
(31) (5) (64)
CH,CH,0O~ m/z45 m/z123 m/z151 1582
@ () (88)
(CH,),CHO™ m/z58 m/z123 m/z151 m/z165 1572
(6) (38) (50) @
CH4(CH,);0™ m/z73 m/z123 m/z151 1570
(11) 1) (88)
(CH5),CO™ m/z73 m/z57 m/z123 m/z147 m/z151 m/z275 1566
@ 11) ) (€] (71) (0.5)
m/z351
(0.5)
to that of the corresponding ROmonomers because In these experiments, the deprotonated [DEMP
the former is characterized by a lowaH? value. H]~ (m/z151) molecule is produced by the exother-

Consequently, the injected dimer ions allow the in situ mic proton transfer from DEMP to the RCalkoxide.
production of the RO monomeric anion with a very ~ Because the exothermicity is carried out by the
weak internal energy. produced neutral, formation of the [(DEMP H) —
Thus, the injected proton-bound [RQH™* dimer C,H,]~ (m/z 123) ion cannot be attributed to the
dissociates in the ion trap reaction cell into the dissociation of [DEMP— H]~ (m/z151) but can be
alkoxide RO reagent possessing a weak internal generated via ion/molecule reactions.
energy. During the injection step, the dimer decom-
position yields relaxed alkoxides able to react with
DEMP molecules 4H2, close to 1500 kJ mof* for
alkylphosphonate [29]) which are more acidic than
the alcohols AHS., higher than 1550 kJ mot
[32-35]). Table 2 summarizes the product ions gen-
erated by the ion/molecule reactions induced by
various alkoxides characterized by variot$i2.,

3.3.1. Reaction with isopropyl alkoxide (QECHO™
(m/z 59): §2-C and {2—P processes

Fig. 5 shows the dependence of the relative abun-
dance of them/z 59 reagent ions and the produced
ions upon the reaction time. Among the various
reactions observed, the exothermic proton transfer
“ - from DEMP to the nucleophilic reagent RCalkox-
The agdﬁy par.ameter has been chosen. n order 1o ide appears to be more strongly favored than the other
investigate the influence of the alcohol acidity on the competitive processes, as expected, because of the

proton .transfer brocess [33] via formation of an gy thermic nature of the reaction. This yields the
adduct ion [Eq. (3)] and the influence of the reagent formation of the deprotonated [DEMP H]~ mole-
ion structure on the reaction orientation relative to

other processes such as nucleophilic substitution
(Scheme 6) and/ot—B elimination [34] (Scheme 6)

cule (m/z151) that increases with the reaction time.
Minor pathways involving the formation of both
m/z123 andm/z 165 ions are observed even at long
+DEMP reaction times. This suggests that these species are
[ROH* RO~ [DEMP, RO] also generated by a bimolecular process rather than by
(—ROH) a dissociation pathway (Scheme 2). Tinéz 123 ion
may be generated by a3 elimination mechanism
— > [DEMP — H]” + ROH (3 [34] and/or by a §2-C as shown in Scheme 6.
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Fig. 5. Evolution (in relative abundance) of the ion/molecule reactions occurring between isopropyl-atkézxise and DEMP with the
reaction time (ms) yieldingn/z123, m/z151, andm/z 165.

However, from other investigations, it is evident that C3H,O]™ m/z165 ion is produced via a@—P process
the elimination process plays a minor role because the [33d, €] by direct nucleophilic attack at the phospho-
equivalent ions observed during the nucleophilic at- rous atom induced by the alkoxide reagent leading to
tack of alkoxides on deprotonated dimethylmeth- an EtO /iProO™ exchange. This takes place via the
ylphosphonate cannot undergef elimination [33d— formation of: (1) either a pentavalent intermediate
e]. Thus, them/z 123 ion must be generated via a transition state [33d] (i) from which the negative
S\2—C process rather than theghg, elimination. Very charge reversibly promotes the P-OEt bond cleavage
likely, an intrinsic barrier must be present in the (Scheme 7) or; (2) a direct displacement of the
S\2-C energy diagram, which hinders the reaction. transition state [33d] via a noncovalen{Z-P transi
The tight transition state rationalizes the low effi- tion state (ii) that evolves toward the P—-OEt bond
ciency of the reaction. cleavage (Scheme 7). Very likely, the evolution of the
On the other hand, the [[DEMP H — C,H;0) + (i) or (ii) intermediate toward the loss of EtCduring

o)
1]
_CH
Hye” R0 CFaCHs Eliminati 0 o
O\) o~ l|Em|nat|on /P\O/CHZCH3 +
HZC\CH ’ HsC \O_ R-OH
N miz 123
?
__CH,CH
N R T T
> CH,CH; H,c” R0 * CHCHOR

(o]

“OR m/z 123

Scheme 6a—B Elimination or §,2—C processes occurring during the reaction induced by an alkoxide reagent.
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Scheme 7. Formation of the/z 165 ions by EtO/iPrO” exchange process via a pentavalent intermediate transitionistata §,2—P

transition statei leading to a common ion—dipole complex.

the ion—dipole complex formation is probably more

3.3.2. Reaction products with tertiobutyl-alkoxide

endothermic than the reaction pathway leading to the (m/z 73)

loss of iPrO. This can explain the decreased -ffi
ciency of the reaction yieldingh/z165 compared to
the formation oim/z151. However, from the assumed
ion—dipole complex the internal proton transfer from
the PCH group to free ethoxide component takes
place through an exothermic ion—dipole isomeriza-
tion pathway (a<> &,). This is more exothermic than
the isomerization (@< &) implying the alternative
ion dipole [iPrOH, G-P(OEt),CH,] (i.e. &) because
of the following acidity order: AHS (EtOH) >
AH2 (iPrOH)*® > AH?_(O=P(OEt),CH,) that

shows that ethanol is less acidic than other neutrals.

In spite of the relatively high acidity of tertiary
butyl alcohol, deprotonation remains the major pro-
cess (Fig. 6) contributing to more than 60% of total
ionic current. As the reaction time increases, vz
151 parent ion is almost constant and slightly in-
creases. Alternatively, whatever the origin of the
[DEMP — H — C,H,]~ (m/z123) ion is (Scheme 6),
its abundance is low but increases with the reaction
time, reflecting its bimolecular origin.

Note that the competitive (2—P pathway is en
tirely hindered because the [(DEMP tC,HO) —
C,HsOH]™ (m/z179) ion is not observed. This sug

This is based upon the assumption that the acidity of gests that the previously envisaged intrinsic barrier
methylphosphonate is higher (or close) to that of the accompanying the &@—-P pathway has increased-be
alkylacetate. Finally, such a multistep process cause of theeButO alkoxide. Indeed, this nucleo
(Scheme 7) prior to dissociation probably implies an philic reagent must lead to a larger steric hindrance
intrinsic energy barrier that limits the efficiency of the during the transition state that lowers the efficiency of
ion—dipole complex yielding then/z 165 diagnostic  this ion/molecule reaction. It can be noticed that the
ion. Such a process has also been observed byproducedm/z 123 ion reacts by electrophilic attach-
Mathurin et al. [7c] from similar substrates using a ment with the DEMP neutral to form the adduoiz
modified ion trap coupled with a high pressure exter- 275 ion (~2% of the total ionic current). These
nal source [7]. hydrogen-bound heterodimers may be stable enough
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Fig. 6. Evolution in relative abundance of the ion/molecule reaction between tertiobutyl-alkokd@ and DEMP with the reaction time
yielding m/z123,m/z141,m/z151,m/z275, andm/z351.

and the acidity value of each component of dimer quadrupole/ion trap instrument shows that the injec-
should be relatively close. Other adduct ions such as tion rf level influences the efficiency of the stable long

m/z351 are formed but their mechanisms of formation life ion trapping. The mass spectra recorded using the
remain unknown and investigations are in progress to conventional analytical scan displays the injected

explain their formation. A cluster [(DEMB)+ PO parent MH" and [M — H] ~ ions as a base peak only
ion could be a possible candidate to explain formation through a narrow LMCO range. The LMCO increase
of them/z351 ions. enhances competitive and consecutive parent ion

dissociations observed in ERMS experiments re-
4. Conclusion corded using a triple quadrupole instrument.

The advantage of the tandem is the user’s ability to

Investigation of the injection of the selected study specific ion/molecule reactions. It is possible to
DEMPH" ions prepared and relaxed in the EI/Cl selectand inject FHfragmentions of DEMP; after a

external source of our homemade orthogonal tandem period of isolation the ions can react with the DEMP
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neutral directly introduced in the ion-trap reaction performed, however, at the limit of sensitivity it
cell. The observed processes mostly involved the was difficult to investigate the temperature effect
exothermic proton transfers yielding a protonated on the bimolecular rate constants to prove the
DEMPH" molecule and a proton-bound DENMHP* existence of an eventual intrinsic barrier. In the
homodimer that are generated by consecutive thermalfuture, a pulsed counter electrode will be intro-
collision with a DEMP neutral. It must be emphasized duced in back of the end electrode related to
that from them/z 125 andm/z 137 reagent ions, the  detection [36], to improve the ion trapping step
proton-bound [FH, DEMP] heterodimer is suffi-  efficiency. This improvement will permit the study
ciently stable to be detected. This is because of the of more subtle effects such as the stereochemical
close gas phase basicity between both the neutralseffect of the §2—C and {2—P processes on diaste
constituting this hydrogen-bound dimer. But this is reoisomeric phosphonates.
not the case with the/z65, m/z97,m/z109, andn/z
123 reagent ions leading only to a protonated mono-
mer and homodimer. Reversibly, the other reagent References
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