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Gas-phase Ion—Molecule Reactions of Trimethyl
Phosphite with the Phosphonium Ion OP(OCH,;),*

in a Quadrupole Ion Trap
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The gas-phase ion-molecule reactions of the phosphonium ion OP(OCH,),* formed by electron impact with
neutral trimethyl phosphite were studied with the use of a quadrupole ion trap (QIT) mass spectrometer. Observed
reactions include competing methoxy transfers between OP(OCH,),* and the neutral species to yield a phos-
phenium ion :P(OCH,),* or a tetracoordinate phosphorus ion P(OCH,),*. Background water in the QIT gives an
adduct with OP(OCH,),* which protonates neutral trimethyl phosphite, as shown by triple mass spectrometric
experiments. High-level ab initio calculations and chemical ionization reactions were performed to investigate the
unimolecular loss of methanol from protonated trimethyl phosphite. © 1997 by John Wiley & Sons, Ltd.
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INTRODUCTION

Organophosphorus compounds have many important
commercial applications in plasticizers, pharmaceuticals
and pesticides. Their detection and identification, par-
ticularly at trace levels, are high-priority concerns
within various regulatory and consumer protection
agencies. Although mass spectrometric techniques have
been used in the detection and identification of
organophosphorus compounds, relatively few studies of
the gas-phase ion chemistry of phosphorus compounds
have been reported. With regard to trimethyl phosphite
(TMP), previous mass spectrometric studies have
focused primarily on data generated by electron impact
and chemical ionization.!'> Tandem mass spectrometry
has also been applied to the study of TMP. Both the
molecular ion of TMP and the protonated molecule

* Correspondence to: J.-P. Morizur.

N
HO-P(OCHy)3 + P(OCHy);

m/z 141 TMP

have been investigated.>—> The ion-molecule reactions
between several phosphorus ions and neutral TMP
have been studied by ion cyclotron resonance (ICR)°
and Fourier transform ICR.> For example, Hodges et
al® have shown that the principal reaction of
OP(OCH,;),* with TMP leads to a phosphenium ion
:P(OCH,), " (m/z 93) and neutral trimethyl phosphate
together with a trace of tetramethyl phosphonium ion
(m/z 155) and OPOCH,;.

Zeller et al.’> have described the formation of the most
abundant product ions as a function of time in reaction
of neutral TMP with protonated trimethyl phosphate.
They reported that protonated trimethyl phosphate
protonates neutral TMP and that the proton transfer
can be followed by the decomposition of protonated
TMP (m/z 125) via loss of methanol to give m/z 93
(Scheme 1).

This paper presents the ion—molecule reactions per-
formed in a quadrupole ion trap (QIT) between neutral
TMP and the phosphonium ion OP(OCH;), " under
gas chromatographic/multiple mass spectrometric (GC/
MS") conditions. This ion was found not only to react

+
HP(OCH3);  + 0O=P(OCHj3)3

m/z 125
- CH;0H

+
‘P(OCHj3),

m/z 93

Scheme 1
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Table 1. Absolute (hartree)® and relative (kJ mol 1) energies of the systems involved in the
description of protonation of trimethyl phosphite

B3LYP ZPE E REL (ZPC) B3LYP E REL (ZPC)
Species 6-31G(d) 6-31G(d) 6-31G(d) 6-311+G(2df,p) 6-311+G(2df,p)

TMP —686.779 332 0.129278 91 —686.955 233 917
TMPH*(P)® —687.138 327 0.141105 0.0 —687.316 258 0.0
TMPH*(O)° —687.113208 0.140854 65 —687.285315 80
TSd —687.032171 0.135304 264 —687.208 140 269
P*(OCHj), —571.3564392 0.086 202 — —571.479 655 —
CH,0H —115.714404 0.051 459 — —115.769623 —
P*(OCHy),

+ CH,0H —687.068 796 0.137 661 174 —687.249278 167

21 hartree = 2625.5 kJ mol~".

P TMP protonated on the phosphorus atom.

°¢TMP protonated on an oxygen atom.

9 Transition state between the two protonated forms.

with neutral TMP but also to form an adduct with

. . EXPERIMENTAL
water (water is always present at trace levels in the
QIT). In addition, this adduct protonates neutral TMP.
In order to understand the formation and the reactivity All experiments were carried out with a QIT (Saturn 3;
of protonated TMP, we also report the results of high- Varian, Walnut Creek, CA, USA) coupled with a
level ab initio calculations. Varian Star 3400 CX gas chromatograph. A 30 m x 0.25

Figure 1. Equilibrium geometries of neutral, protonated and fragment isomers for TMP, optimized at the B3LYP/6-31G(d) level. Bond
lengths are in A and angles in degrees.
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mm i.d. DB 5 fused-silica capillary column with a 0.25
pum film thickness was used for all analyses. The helium
flow was adjusted to give a column head pressure of 10
psi (1 psi = 6.895 kPa). The transfer line temperature
from the gas chromatograph to the QIT was held at
260°C and the QIT manifold temperature was 170 °C.
The TMP was obtained from Fluka and diluted in
pentane to a concentration of 100 ppm.

The ion—-molecule reactions were carried out under
the following conditions: 1 pl of the above TMP solu-
tion was injected into the chromatograph in the splitless
mode with the injector held at 185 °C. The GC column
was held at 50 °C for 5 min and then ramped to 100 °C
at 10°C min~! and held at that temperature for 5 min.
The QIT was operated using the Varian version 5.0
software. The data acquisition sequence was composed
of (1) 70 eV electron impact of TMP, (2) isolation of the
O=P(OCH,),"* ion (m/z 109) with a mass isolation
windows of 3 m/z (ions of masses 108, 109 and 110 are
isolated) and adjustments of the amplitude of the 1.05
MHz r.f. voltage applied to the ring electrode so as to
store ions of m/z 109 at a selected value of the Mathieu
parameter g, (~0.4), (3) reaction time up to 125 ms with
neutral TMP, as it eluted from the GC column, and (4)
ejection and detection (tandem mass spectra) of product
ions using the mass-selective instability scan’ with
dipolar resonance ejection at a fixed frequency of 0.485
MHz.? In CID experiments, the stored ion of interest
was resonantly excited® by the application of a supple-
mentary a.c. voltage to the end-cap electrode at an
appropriate voltage. A prototype software (‘Toolkit’)
was used for MS® experiments. Protonation of TMP
was carried out with methane and anhydrous ammonia.
In each case, the reagent gas pressure in the ion trap
was ~107°-2 x 1073 Torr (1 Torr = 133.3 Pa).

CALCULATIONS

The geometries of the considered protonated isomers of
TMP have been fully optimized using the DFT
approach with non-local corrections (B3LYP), using a
split valence basis set including polarization functions
in heavy atoms, 6-31G(d).'° This corresponds to a so-
called hybrid method, which includes a mixture of
Hartree—Fock, Slater and Becke exchange functionals.
Here we used the Becke three-parameter non-local
exchange functional,!! combined with the non-local
correlation functional of Lee, Yang and Parr (LYP).!2
This method has recently been shown to be reliable in
the prediction of energetics and geometries for a wide
variety of systems.!? Vibrational frequencies have been
obtained at the same level of theory for the stationary
points on the hypersurface, in order to characterize the
nature of these points with the number of imaginary fre-
quencies: all frequencies being real indicates a
minimum, and one imaginary frequency is characteristic
of a transition state. The evaluation of the vibrational
frequencies allows us also to correct for zero point ener-
gies (ZPE). The same level of theory is applied for meth-
anol, :P(OCH,),* and neutral TMP in order to
evaluate energy differences coherently. From the tran-
sition state geometry we performed intrinsic reaction

© 1997 by John Wiley & Sons, Ltd.

coordinate (IRC)'# calculations in order to confirm the
reactants and products to which this TS leads. In order
to compensate for possible shortcomings of the rela-
tively small basis set 6—31G(d), we performed single-
point calculations on both protonated forms and
fragments at the triply split valence 6-311 + G(2df,p)
basis set,!> which includes polarization functions at
hydrogen atoms and diffuse functions on the heavy
atoms. All the calculations were performed using the
Gaussian-941¢ series of programs. The calculated total
energies and the relative energies are reported in Table
1. The optimized structures are shown in Fig. 1.

RESULTS AND DISCUSSION

The isolated phosphonium ions OP(OCH,),* (m/z 109)
were allowed to react with neutral TMP for 60 ms. The
resulting ion—molecule reaction products were identified
by MS/MS (Fig. 2). The spectrum contains four species
in addition to the m/z 109 ion: m/z 93, 125, 127 and 155,
which are the result of various different reaction paths.

The ions of m/z 93 and m/z 155 come from reactions
between m/z 109 and neutral TMP as shown pre-
viously,® but the abundance ratios of these two ions are
different: 100:1 in the ICR cell and 4:1 in the QIT. For
the same reaction time the O=P(OCHj;), " reactant ion
is nearly entirely consumed in the ICR cell. In making
such a comparison it must be noted that the conditions
in the QIT and those in a ICR cell are not identical.
The QIT is typically operated at pressures higher than
those of an ICR cell. It is generally accepted that the
ions in a QIT are cooled kinetically by collisions with
the buffer gas.!” One possible channel for kinetic
cooling is conversion into internal energy. These factors
can cause differences in ion-molecule product distribu-
tions.

The two other product ions at m/z 127 and 125
cannot be formed by ion—-molecule reactions between
m/z 109 and neutral TMP. In fact, the ion at m/z 127 is
the result of addition of the background water to the
m/z 109 ion. Such reactions have been reported recently
for the m/z 109 ion'® and various phosphonate product
ions.'® The structure of the m/z 127 ion corresponds to
protonated dimethyl phosphate, [(CH;0),P(OH),]".

The m/z 125 ion appears to correspond to protonated
trimethyl phosphite. If we consider that the proton
affinities (PA) of dimethyl phosphate and trimethyl
phosphate should be similar (887 kJ mol™!),° the
stronger base TMP (PA = 923 kJ mol~1)2° ought to be
able to deprotonate the protonated dimethyl phosphate.
To obtain confirmation of this proton transfer between
m/z 127 and neutral TMP, a triple mass spectrum was
recorded. The spectrum shows that the isolated m/z 127
ion generated from the mass-selected m/z 109 ion reacts
with neutral TMP to give only one ion-molecule reac-
tion product at m/z 125. Note that the formation of an
ion at m/z 93 by loss of methanol from protonated
TMP is not observed under our experimental condi-
tions. This point, which conflicts with the results of
Zeller et al.”> (Scheme 1), will be discussed below.

In summary, the m/z 109 ion can react with neutral
trimethyl phosphite according to two methoxy trans-
fers: one from m/z 109 to TMP to give m/z 93 and the
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Figure 2. Tandem mass spectrum of the m/z 109 ion, isolated during 60 ms without the application of supplemental excitation potential.

other from TMP to m/z 109 to yield m/z 155. In addi-
tion, the ion at m/z 109 reacts with residual water
present in the QIT to give an adduct at m/z 127, which
subsequently protonates the neutral TMP. These differ-
ent processes are summarized in Scheme 2.

In order to clarify the loss of a molecule of methanol
from protonated TMP, ab initio calculations and sup-
plementary experiments were undertaken. The elimi-
nation of methanol from protonated TMP can be the
result of two processes, which depend of the site of
protonation: (i) a direct protonation on an oxygen atom
or (ii) a protonation (as in solution?') on the phos-
phorus followed by a 1,2-proton shift. Except for the
experimental PA of TMP,2° no other thermochemical
data are available, to the best of our knowledge. Hence
we considered it of interest to carry out a study using
high-level ab initio calculations, which should provide
useful information to explain the unimolecular chem-
istry of protonated TMP. Geometrically, one can
observe by inspection of Fig. 1 that when protonation
takes place at the more electronegative O atom, the
P—O bond weakens as a consequence. By contrast,

protonation at phosphorus is accompanied by a
strengthening of the P—O linkage. This general behav-
iour has been reported?? in similar circumstances and
can be explained as follows: when the charged H*
approaches the more electronegative atom, the oxygen
donates charge to the proton, and this charge is mainly
taken from the P—O linkage. On the other hand, when
H™* approaches the less electronegative phosphorus
atom, the higher electronegativity of O opposes the
depopulation of the P—O linkage, and the phosphorus
atom can only polarize the bond, reinforcing it and
consequently making the P—O distance shorter. This
effect is, in this particular case, very strong: the O-
protonated isomer has a P—O distance which is elon-
gated by about 0.5 A and can be viewed as a
methanol-P(OCH3;),* complex, where Mulliken popu-
lation analysis locates the charge mainly on phos-
phorus. Both the long P-O distance and the
concentration of charge at P lead to the supposition
that there is no barrier for the elimination of a
methanol molecule. We present in Fig. 3 the potential
energy surface of protonated TMP, which corresponds

H,co\
meo—p H,CO
H3CO\+/ OH HyCO TN
P ——>» H,CO—P—H + [OP(OH)(OCHy), |
H,CO \OH HsCO
m/z 127 m/z 125
H,CO HC
3 +
H0 SP: + HCO— p=0

a

/ oo™ H3CO/

/—\ /OCH3 m/z 93
HyCO_+
— + Pp—OCH;
k=0
Hscow \
OCH; H,CO OCH;,3
N+ /
m/z 109 P + OPOCH,
H,CO OCH;3
m/z 155

Scheme 2
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Figure 3. Potential energy surface of protonated TMP.

to the protonation of TMP on phosphorus, on oxygen,
the transition state between two protonated forms and
the final state for the methanol elimination.

The calculated AH for protonation on phosphorus at
our highest level of calculation is 917 kJ mol ™!,
showing excellent agreement with experiment
(PA =923 kJ mol ™~ 1!),%° and justifies our choice of the
DFT method. The O-protonated species is predicted to
be 80 kJ mol ™! less stable than the P-protonated form.
Assuming that there is no barrier for protonation, this is
expected to be favoured at the P atom. The barrier for
conversion to the O-protonated isomer was found to be
269 kJ mol~! and identified by means of IRC calcu-
lations to connect both protonated forms. This substan-
tial barrier ensures the presence of both isomers,
depending on the conditions of the experiment, with
thermodynamics favouring the P-protonated form.
Under higher energy conditions, the barrier can be
traversed and an easy subsequent loss of methanol can
be expected.

These ab initio calculations are in good agreement
with our experimental results and those of Hodges et
al.® The ion at m/z 127, protonated dimethyl phosphate
(PA~ 887 kJ mol '), cannot protonate TMP on
oxygen since the reaction would be endothermic by
~50 kJ mol~'. When protonation occurs on phos-
phorus, the unimolecular isomerization between P- and
O-protonated forms is thermodynamically impossible.
The exothermic protonation on the phosphorus atom
provides only ~30 kJ mol ™!, which is far below the
energy barrier for the isomerization (Table 1 and Fig. 3).
One can therefore conclude that the observed m/z 93
ion (Fig. 2) comes only from the ion—molecule reaction
between the ion at m/z 109 and neutral TMP. To
confirm this assumption, two other CI experiments were
undertaken. As shown in Table 2, when methane is used
to protonate TMP, formation of an ion at m/z 93 by
loss of methanol from protonated TMP is a very effi-
cient process.

In contrast, when protonation is carried out with
ammonia, the abundance of the m/z 93 ion falls drasti-
cally (Table 2). These results can be easily explained on

© 1997 by John Wiley & Sons, Ltd.

the basis of energetic considerations. Methane
(PA = 551 kJ mol™1)?° can protonate TMP either on
an oxygen atom (PA =837 kJ mol™!) or on phos-
phorus (PA = 923 kJ mol~!). Moreover, the exother-
micity of the reaction (~372 kJ mol~!) could provide
enough energy to overcome the activation barrier (269
kJ mol™') corresponding to the proton migration
between phosphorus and an oxygen. In other words,
whatever the site of protonation, when methane is used
as a CI gas reagent, the formation of the m/z 93 ion by
loss of methanol from protonated TMP is thermody-
namically possible. Note that the CI spectrum of TMP
(Table 2) with methane displays two ions at higher mass
than m/z 125, namely m/z 153 and 165, which are the
results of adducts between neutral TMP and C,Hs*
and C;H,™, respectively (two ions that are present in
the CH, plasma). When the protonation of TMP is per-
formed with NH; (PA = 854 kJ mol~'),>° protonation
on oxygen is slightly endothermic (~17 kJ mol~!) and
the elimination of methanol becomes a minor process.
In summary, the unimolecular reactivity of protonated
TMP prepared using three different reagents, dimethyl
phosphate, CH, and NH3, is in accordance with theo-
retical data.

The only point that remains unclear from a ther-
modynamic point of view is the elimination of methanol
from protonated TMP that is formed by proton transfer
from protonated trimethyl phosphate, as observed by
Zeller et al.® In fact, an explanation of this result may
arise from the method of preparation used by these
authors for the formation of protonated trimethyl phos-
phate. Those ions were generated by self-chemical ion-
ization, wherein fragment ions obtained by electron
ionization-induced dissociation are used to protonate

Table 2. Chemical ionization mass spectrum of trimethyl
phosphite (product ion m/z with relative abundance
(%) in parentheses)

CI(CH,) 93 (100)
CI(NHZ) 93 (5)

125 (27)
125 (100)

153 (11) 165 (2)
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the neutral trimethyl phosphate. The (CH;0),POH™",
CH;OP(OH)=0", CH;OP(H)OH " and CH;OPOH*
fragment ions can reasonably protonate the trimethyl
phosphate at two different oxygens, the methoxy and
the P=O group. Hence the ion-molecule reactions
between protonated trimethyl phosphate (a mixture of
protonated forms) and neutral TMP could produce
both protonated forms of TMP. Subsequently O-
protonated TMP could spontaneously eliminate
without activation barrier a molecule of methanol. The
m/z 125:93 branching ratio, reported as 8.5:1.5, sug-
gests that the P-protonated form is predominant.

CONCLUSION

Gas-phase ion—molecule reactions of the phosphonium
ion OP(OCH,),* with neutral TMP were carried out
on a QIT mass spectrometer. The formation of primary

products of m/z 93 and 155 agree with results obtained
in a previous ICR study.®

Nevertheless, the reaction conditions differ sufficiently
to produce other reaction products, namely protonated
dimethyl phosphate (which is formed by the addition of
a water molecule), and protonated TMP (which is the
result of proton transfer between protonated dimethyl
phosphate and TMP as shown by MS? experiments).
High-level ab initio calculations and CI ionization
experiments clarify the loss of methanol from proto-
nated TMP and demonstrate that the proportions of
the P- and O-protonated forms depend on the reagent
gas.
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