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bstract

In a long cylindrical ion cyclotron resonance (ICR) cell the ion chemistry of tris(trifluoromethyl)phosphine has been investigated. The only
ajor negative primary ion, produced by dissociative electron attachment is the phosphide ion (CF3)2P−, which reacts at elevated kinetic energy
ith the neutral molecules at 2 × 10−7 mbar to produce three phosphoranides: CF3PF3

−, (CF3)2PF2
−, and (CF3)3PF−. Simultaneously, three minor

ons CF3
−, F−, and C2F3

− are formed by self-collision-induced dissociation. Ion–molecule reactions between CF3
− and (CF3)3P have also been

nvestigated. Positive ions form phosphonium ions and a diphosphonium product ion, (CF3)2P–P(CF3)3
+, whereas no P–P bond is observed with
egative ions. All the structures and reaction pathways have been investigated theoretically with the aid of DFT calculations. The results are
n excellent agreement with the experiments. The electron affinity of tris(trifluoromethyl)phosphine as EA((CF3)3P) = 22.6 kcal/mol has been
alculated.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Tris(trifluoromethylphosphine) (CF3)3P has been used as a
igand in metal coordination chemistry [1–5], where the � donor
nd � acceptor capabilities of the phosphorous atom in this com-
ound are involved. The effect of F and CF3 substitution [6,7] on
he � donor properties of triarylphosphines toward forming com-
lexes with different transition metals were also investigated.

Although several routes for the synthesis of (CF3)3P were
nown in the condensed phase [8,9], Röschentaler and Shyshkov
10] have recently succeeded to get a high yield (>85%) of this
ompound in the condensed phase, starting from (PhO)3P and
e3SiCF3 at low temperatures.

The Lewis acidic character of (CF3)3P has also been recently

nvestigated by Kolomeisev et al. [11] by reacting (CF3)3P with
e4NF to give the phosphoranide (CF3)3PF− and by reacting
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CF3)3P with a mixture of Me3SiCF3 and Me4NF to give another
hosphoranide (CF3)4P− at low temperatures (−60 ◦C) in the
ondensed phase.

Although this first synthesis of the two phosphoranides has
roved the Lewis acidity of (CF3)3P toward high fluorinat-
ng agents such as Me4NF and Me3SiCF3, it was not known
hether there is a possibility of forming the phosphoranide ions

CF3)3PF− and (CF3)4P− in the gas phase due to ion–molecule
eactions starting either from the phosphide ion (CF3)2P− or
rom CF3

− and F−, respectively. It is also interesting to gain
nsight in rearrangement processes that occur during formation
f negative ions due to electron attachment. Such a rearrange-
ent could produce new ions, which can undergo ion–molecule

eactions with the neutrals at conditions of low pressure and
n the absence of solvents in contrast to the conditions in
he condensed phase. Additionally, oxidation of tricoordinated
hosphines with a halogen, as well as deprotonation of a phos-
horane with a P–H bond were well explained as synthetic routes
o phosphoranides in the condensed phase [12].
Not much is known until now about the new class of tetraco-
rdinated negative phosphorus ions. Although we have cited all
he literature, which has come to our knowledge, it is clear that
uch work remains to be done in this field, in the gas phase and
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n the condensed phase. This paper wants to present for the first
ime a detailed study of the gas phase ion chemistry of (CF3)3P
nd the formation of phosphoranides in the gas phase.

To date, no investigations exist, which confirm the existence
f CF3 and F substituted phosphoranide ions in the gas phase.
fter a short discussion of the positive ion chemistry, the rich
egative ion chemistry is discussed in detail. It is interesting
o see whether a difference in the phosphoranide formation
eaction exists between gas and condensed phase. How do
hosphoranides fragment due to their acceleration in self-CID
xperiments? Can the nucleophilic character of CF3

− towards
CF3)3P be established in the gas phase?

. Methods

.1. Experimental

For the investigation a prototype FT ICR mass spectrometer
ruker 47X was employed, equipped with a 7 T superconduct-

ng magnet with 89 mm room temperature bore [13]. A simple
HV system with a gas inlet system yields a constant pressure
f the compound. With a Varian VHS 600 diffusion pump and a
iquid nitrogen cooled baffle a base pressure of 1.5 × 10−8 mbar
as reached. The sample pressure was from 5 × 10−8 mbar to
× 10−6 mbar. Ion–molecule reactions and self-CID experi-
ents were done at (2 ± 0.1) × 10−7 mbar. This pressure gave

ptimum reaction yields.
Deviation from this pressure was chosen in some cases, to see

hether phosphoranide formation is possible at lower pressure,
o increase the resolution for accurate mass measurements, or
o see if extremely high pressures in ICR are helpful to stabilize

etastable ions through collisions with the neutral molecules.
his is indicated in the text.

Positive ions were generated by electron impact. The negative
ons were generated by dissociative attachment of low energy
lectrons, which are further decelerated by collisions with the
eutral molecules. The electron kinetic energy was 0.2 eV for
egative ions and 70 eV for positive ions. In the negative mode,
he potential of the gate electrode was 0 V during the ionisation
eriod and−50 V at all other times. For the generation of positive
ons, the gate potentials were −60 V and −109 V, respectively.

Tris(trifluoromethyl)phosphine yields only one major nega-
ive ion species, the phosphide ion (CF3)2P− (m/z = 169) in this
ay, in addition to other minor ions, whose appearance is pres-

ure and time dependent. Further details are directly included in
ection 3.

A five section cylindrical ICR cell [14] closed by trapping
lectrodes was operated as a three section cell with long trapping
ubes. Radius of the ICR cell is r = 19 mm. The length of the
rapping electrodes is 56.6 mm. The detection and excitation
lectrode is 44.8 mm long. It has been kept at 0 V during all
xperiments. The trapping electrodes were at −3 V for negative
ons and at +3 V for positive ions.
Before reaction, each ion species was isolated and all other
ons were quenched. An acceleration scheme for the ions was
sed to generate reactions of kinetically excited ions or to dis-
ociate selected ions collision-induced for structure elucidation

•
•
•
•
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urposes. With the excited ions, reactions can be observed in
uch larger abundances than with the thermal ions. Isolation

nd reaction of the ions has been performed with the aid of
ulse experiments, described below.

The fragment ions obtained from self-CID experiments were
lso measured in high resolution mode to get accurate masses,
o that a correct formula can be written, which helps to identify
ach fragment ion.

.1.1. Pulse sequences
Acceleration processes for the experiments described in Sec-

ion 3.

.1.1.1. Pulse Sequence 1. With this pulse scheme the forma-
ion of the phosphide ion in addition to the phosphoranide ions
CF3)2PF2

− and (CF3)3PF− was studied as a function of pres-
ure. The phosphide was allowed to grow for 1 s after the end
f the ionisation pulse of 50 ms. A 100 ms quenching pulse was
pplied at the end of each pulse sequence.

.1.1.2. Pulse Sequence 2. Electrons present in the ICR cell are
severe restriction in the study of negative ions.

The formation of (CF3)2P− by electron attachment is used to
uench the electrons in the ICR cell in the following way:

(CF3)2P− was formed during 1 s after the end of an ionisa-
ion pulse of 100 ms duration and then radially quenched. After
his reaction time, no new phosphide anions appear in the spec-
rum. This means that 1 s of reaction time is sufficient to deplete
he trapped electrons completely. Therefore, (CF3)2P− was let
o grow for 1 s after the end of the ionisation pulse and then
ccelerated radially for activation.

Phosphide activation after electron quenching gives three
inor self-CID fragment ions F−, C2F3

−, and CF3
− in addi-

ion to high yields of the phosphoranides at m/z = 157, 207 and
57.

.1.1.3. Pulse Sequence 3 for self-CID of secondary ions.

Ionisation pulse 50 ms.
1 s growth time for (CF3)2P− (indirect electron depletion).
Phosphide acceleration.
Radial quench pulse for the primary ion and all secondary ions
except the secondary ion that is under self-CID investigation.
Acceleration of the isolated secondary ion for activation.
Variable delay time.
Radial dipolar excitation for ion detection.

.1.1.4. Pulse Sequence 4 for the ion–molecule reactions of
F3

−.

Ionisation pulse 50 ms.
1 s growth time for (CF3)2P− (electron depletion).

Phosphide acceleration.
Radial quench pulse for m/z = 19, 81, 157, 169, 207, and 257.
Variable delay time.
Radial dipolar excitation for ion detection.
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method and basis set, then run a frequency analysis with the
same method and basis set, to obtain the zero point vibrational
energy. Finally a single point energy calculation for each struc-
ture has been done using B3LYP/6-311 + G(2d) to determine the
66 B. Kanawati, K.P. Wanczek / International Jo

.2. Calculations

SIMION [15] simulations have shown that the ion motion in
he negative potential well used in the experiment is not con-
ned to the central region of the ICR-cell, where detection and
xcitation are applied. The ions are also trapped inside the trap-
ing electrodes too. A few ions drift into the central region by
ollisional damping in a few milliseconds. However, no increase
n relative total ion current (TIC, defined as the sum of all rel-
tive ion intensities) as a function of time was observed during
ll time-dependent investigations described here. At this poten-
ial configuration and a pressure of 2 × 10−7 mbar ions can be
rapped for 28 s without any loss.

DFT calculations were done using Gaussian 03 W [16].
or geometry optimization and frequency analysis the B3LYP
ethod with 6-31 + G(d) basis set was employed. Single point

nergy calculations were done on those optimized geometries
sing B3LYP and a higher basis set 6-311 + G(2d). Diffuse func-
ions are necessary especially for ions to describe their structures
orrectly. Every wave function used in geometry optimization
nd frequency analysis was previously tested by running sta-
ility tests to ensure that the wave function does represent the
owest energy solution to the SCF equations.

. Results and discussion

In the following, a short discussion of the positive ion chem-
stry is given. Formation reactions of the phosphoranide ions
ill then be presented in detail. Then the ion–molecule reactions
f the ions formed by collision-induced dissociation (self-CID)
ill be discussed. Structure elucidation of the product ions using

elf-CID is the next part of the paper. Finally, the absence of the
hosphoranide ion (CF3)4P− during the reaction between CF3

−
nd the neutrals will be explained.

.1. Positive ions

In the ICR primary ion spectrum, the molecular ion
m/z = 238) as well as the following fragment ions are observed:

(CF3)2P CF2
+(m/z = 219), F3CP CF2

•+(m/z = 150),

F2C P CF2
+(m/z = 131), CF2 PF•+(m/z = 100),

CF3
+(m/z = 69) and PF2

+(m/z = 69).

Investigations [17] at variable pressures and reaction times
ith all positive ions of (CF3)3P have indicated that CF3

+

m/z = 69) is very reactive. It reacts with the neutral molecules
o two phosphonium ions F2C P CF2

+ (m/z = 131) and
CF3)2P CF2

+ (m/z = 219). Both ions are also formed as pri-
ary ions. The latter ion reacts in an electrophilic reaction
ith (CF3)3P, a product ion with a P–P bond is formed,
CF3)2P–P(CF3)3
+ (m/z = 407). This fact illustrates the nucle-

philic reactivity of (CF3)3P towards the phosphonium ion
CF3)2P CF2

+. (CF3)2P–P(CF3)3
+ is formed only in low abun-

ance, because the CF3 substituents in (CF3)3P weaken the
ucleophilicity of the phosphorous atom.

F
F

l of Mass Spectrometry 264 (2007) 164–174

.2. Negative ions

.2.1. Pressure dependence of negative ion spectra
At a pressure of 5 × 10−8 mbar and without delay time, only

ne primary ion appears in the negative mode m/z = 169. No
dditional primary ions were observed at this pressure if a delay
ime of 1 s was allowed, during which dissociative electron
ttachment took place. High resolution spectra of this ion indi-
ate the formula C2F6P. The same is true at 1 × 10−7 mbar. In
he condensed phase, several efforts were applied to stabilize
he phosphide as a salt and to see whether hyperconjucation is
easible [18,19].

At a higher pressure of 2 × 10−7 mbar and without delay
ime after ionisation, two primary ions were observed in ICR.
/z = 169 appears as a basis peak and m/z = 81 builds a rela-

ive signal intensity of 3.3% only. After a delay time of 1 s, two
dditional ions were observed m/z = 207, 0.7%, m/z = 257, 0.8%.
ccurate mass measurements for these additional ions indicated

he formulae C2F8P− for m/z = 207 and C3F10P− for m/z = 257.
hese high resolution measurements exclude the possibility for

ormation of ions, which have P–P bonds such as CF7P2
− for

/z = 207 and C2F9P2
− for m/z = 257.

The differences between theoretical and measured m/z are
elatively high, due to the high pressure of 2 × 10−7 mbar, nec-
ssary to form the ions. But for determination of the precise
asses of the small molecules studied here, the precision is

ufficient.
Accurate mass measurement for the primary ion m/z = 81,

btained at 2 × 10−7 mbar indicated the formula C2F3
− und thus

xcludes the possibility of P2F− formation. C2F3
− has a C–C

ond which does not exist in (CF3)3P. This observation leads
s to presume that a rearrangement of the metastable excited
hosphine anion (CF3)3P−* occurs, which leads to the observed
2F3

−.
We were also interested to know how much internal energy

oes the neutral molecule gain during the thermal electron
ttachment. So we have run DFT calculations by optimizing first
he following structures in Fig. 2 using the B3LYB/6-31 + G(d)
ig. 1. Calculated zero-point energies of the six isomers of C2F6P− shown in
ig. 2, relative to the phosphide ion.
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otal electronic energy at 0 K. (CF3)3P has an electron affinity
f EA((CF3)3P) = 22.6 kcal/mol.

(CF3)3P−* ions were not observed in the negative mode in
he pressure range from 5 × 10−8 to 6 × 10−6 mbar. To deter-

ine an upper limit of the lifetime of this excited anion we

pplied a radial quench pulse at m/z = 238 to quench (CF3)3P−*
uring the whole experimental events from the start of ionisa-
ion pulse until detection. The ion (CF3)2P− was not affected by

a
I
[

Fig. 2. Optimized structures for i
l of Mass Spectrometry 264 (2007) 164–174 167

his quench pulse. This means that the excited (CF3)3P−* ion
as a life time shorter than 62.9 �s, which is the time needed
or an ion at thermal cyclotron radius to reach the ring elec-
rodes of the ICR cell at the experimental conditions listed in the
xperimental section. The ejection of the non-observed radical

nion of tris(trifluoromethyl)phosphine is similar to an ejection
CR experiment reported previously by Kleingeld and Nibbering
20].

somer anions at m/z = 169.
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There are six possible isomers of the anion with the sum
ormula C2F6P−. The energies of these structures relative to
CF3)2P− are shown in Fig. 1. The corresponding optimized
tructures of these six isomer anions are shown in Fig. 2.

Eq. (1) illustrates the decomposition of the excited anion
CF3)3P−* to yield the phosphide anion (CF3)2P− (m/z = 169)
nd a CF3 radical, as calculated with DFT. The overall reac-
ion is endothermic by 16.5 kcal/mol at 0 K and 15.6 kcal/mol at
98 K. Since the electron affinity of (CF3)2P (66.1 kcal/mol)
s by 22.8 kcal/mol higher than the electron affinity of CF3
43.3 kcal/mol), (CF3)2P− builds the basis peak as a primary
on in the mass spectrum and no primary CF3

− has been found.
The observed primary ion m/z = 81 with the sum formula of

2F3
− may be obtained from one or more of the following iso-

ers: 169-i2, 169-i3, 169-i5, and 169-i6. Although three of these
somers have higher energies relative to the phosphide anion,
hese energies may be obtained from the high electron affin-
ty of (CF3)3P, which can induce rearrangement in the excited
CF3)3P−*.

From DFT calculations, no transition state could be found
or the rearrangement of 169-i1 to 169-i5 or to 169-i6. Such
transition state may explain the observation of C2F3

− as a
rimary ion in the mass spectrum. In addition, hyperconjuca-
ion (Eq. (2)) of the phosphide anion (CF3)2P− (m/z = 169) to
F2 P(F)CF3 (169-i4) anion is endothermic by 18.8 kcal/mol at
K and by 19.2 kcal/mol at 298 K with a high activation energy
f 36.9 kcal/mol at 0 K and 37.1 at 298 K. The formation of
2F3

− remains unexplained.

.2.2. Acceleration of the primary ion m/z = 169
Without acceleration, the phosphide ion (CF3)2P−

m/z = 169) is totally inert in the pressure range from
× 10−7 to 6 × 10−6 mbar regardless of whatever reaction

ime is allowed between the end of the ionisation pulse and
etection. Acceleration of this ion with a radial excitation
ulse of 10 �s and P–P voltage of 53 V yields large signal
ntensities of m/z = 207 and m/z = 257 after 1 s reaction time at
× 10−7 mbar (Fig. 3).
At low pressures such as 5 × 10−8 mbar, no ion at m/z = 257
as been observed. Ion m/z = 207 was observed in a minor sig-
al intensity after the same delay time of 1 s after m/z = 169
cceleration.

ig. 3. Negative mode mass spectrum after primary ion m/z = 169 acceleration
ith a reaction time of 1 s at 2 × 10−7 mbar.
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We found that these experimental conditions of pressure
nd reaction time after acceleration are ideal to obtain a high
ield of the secondary ions. High resolution mass spectra indi-
ate that all three major secondary ions with m/z = 157, 207,
nd 257 do not contain P–P bonds. We assume that these
econdary ions correspond to the following phosphoranides:
F3PF3

− (m/z = 157), (CF3)2PF2
− (m/z = 207), and (CF3)3PF−

m/z = 257). Evidence for these assumptions is provided from
he self-CID-experiments presented in the next section.

.2.3. Self-CID of the secondary ions
Fragmentation of the secondary ion m/z = 257 (after radial

cceleration with a pulse of 10 �s duration 53 Vp–p at
× 10−7 mbar) produces product ions with the sum formulae
F3

−, CPF6
− and C2F8P−. These sum formulae were verified

y experiments performed in the high resolution mode.
Eqs. (3.1–3.4) summarize the reaction pathways. The reac-

ion energies have been calculated by DFT.
It is interesting to see, that pathways, which involve rear-

angements (Eqs. (3.1–3.4)) (Scheme 1) have lower energy
emands than the other pathways, where only chemical bonds
re broken. The fragment ion (CF3)2P− (m/z = 169) originates
rom (CF3)3P, but CF3

− (m/z = 69) can not originate from the
eutral molecule because the electron affinity of the phosphide
s higher than that of CF3 as we have explicitly indicated from
ur DFT calculations above.

Fragmentation of the secondary ion m/z = 207 (after radial
cceleration with a pulse of 10 �s duration 53 Vp–p at
× 10−7 mbar) yields anions CF3

− (m/z = 69) and CPF6
−

m/z = 157).
We notice that rearrangement (Eq. (4.2)) (Scheme 2) is ener-

etically favourable and even less endothermic than simple bond
reaking as in Eq. (4.1).

No fragment ion with m/z = 169 has been observed for
he secondary ion m/z = 207 in the CID experiments, contrary
o m/z = 257. Therefore, it is assumed that the ion (CF3)2P−
m/z = 169) formed in self-CID experiments, originates from the
on m/z = 257 and not from the neutral phosphane.

Fragmentation of the secondary ion m/z = 157 (after radial
cceleration with a pulse of 10 �s duration 53 Vp–p at
× 10−7 mbar) gives CF3

− (m/z = 69) and C3F10P− m/z = 257
cheme 3.

The secondary ion m/z = 157 is more stable toward fragmen-
ation in comparison with the other secondary ions discussed
bove, since no fragment ions were observed after 100 ms delay
ime upon acceleration. The spectrum obtained after 500 ms con-
ains two ions with small relative signal intensities, m/z = 69 and
/z = 257. Ion m/z = 257 is a product ion of an ion–molecule

eaction. The sum formulae of the two product ions have been
onfirmed with high resolution acquisitions.

Eq. (5.3) shows the energy requirement for fragmentation of
on m/z = 157. CF3

− and PF3; not PF3
− and CF3 are formed,

ecause the calculated electron affinity of CF3 (43.3 kcal/mol)

s higher than that of PF3 (5.4 kcal/mol). The formation of CF3

−
ather than PF3

− has been proved in this experiment.
When the duration of the radial acceleration pulse is increased

rom 10 to 30 �s, no fragment ions are observed till a delay time
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Scheme 1. Fragmentation pathw

f 100 ms. After 500 ms delay time and the longer acceleration
ulse, the same two signals m/z = 69 and m/z = 257 appear again.
he signal intensity of CF3

− has increased to 17.7% relative to
he base peak of m/z = 157. The signal intensity of the product
on m/z = 257 is unchanged in comparison with that of m/z = 257

fter acceleration period of only 10us and delay time of 500 ms.

This result reinforces the assumption, that the observed CF3
−

s a fragment ion and not a result of ion–molecule reaction

r

s

Scheme 2. Fragmentation pathways fo
r ion m/z = 257 in the gas phase.

ecause the signal intensity of this ion increases as the radial
cceleration pulse for m/z = 157 increases. The signal intensity
f m/z = 257 is independent of the radial acceleration pulse. It is
ependent on the delay time after acceleration and this is char-
cteristic for a product ion formed as a result of an ion–molecule

eaction.

We will return to this problem again after we finish the discus-
ion of the thermal ion–molecule reactions between CF3

− and

r ion m/z = 207 in the gas phase.
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Scheme 3. Fragmentation pathw

CF3)3P, because it contains valuable information, which proves
he formation of the phosphoranide (CF3)3PF− (m/z = 257) as a
uaternary product ion from the tertiary product ion CF3PF3

−
m/z = 157).

From the sum formulae obtained from high resolution exper-
ments and the fragmentation pattern for each secondary ion
btained as a result of acceleration of the primary ion m/z = 169
ne obtains for the ions m/z = 257, 207, 157, 81, 69, 19 the for-
ulae (CF3)3PF−, (CF3)2PF2

−, CF3PF3
−, C2F3

−, CF3
−, F−,

espectively.
Thus, we confirm the existence of the phosphoranides

CF3)3PF−, (CF3)2PF2
−, and CF3PF3

− in the gas phase and
e confirm that their formations have high energy barriers,
hich could be overcome experimentally by radial acceleration
f the primary phosphide ion (m/z = 169) in the ICR cell at the
xperimental conditions discussed above.

It is at this point interesting to know whether thermal
athways exist to yield the same phosphoranides, which are
ormed in the acceleration experiment discussed above. The
on–molecule reaction between the isolated CF3

− secondary
on and the neutral molecules at 2 × 10−7 mbar is discussed in
ection 3.2.5.

.2.4. Electron affinities of multiply charged ions of
CF3)2P

Accelerating the primary phosphide ion m/z = 169 at
× 10−7 mbar with a radial acceleration pulse of 10 �s with-
ut assigning additional delay times produces two signals
/z = 84.475 and m/z = 56.320, which are harmonics of the reso-
ance frequency of the ion m/z = 169. To exclude the possibility
f formation of multiply charged ions, DFT calculations have
een done.

Multiply charged anions of (CF3)2P have large nega-
ive electron affinities of -35.8 kcal/mol and −199.7 kcal/mol
or (CF3)2P2− and (CF3)2P3−, respectively. Thus a second
r third electron attachment to (CF3)2P− moiety is highly

ndothermic and cannot be observed at the experimental con-
itions discussed in Section 2.1. The signals m/z = 84.475 and
/z = 56.320 represents the second and the third harmonics,

espectively.

e

3
r

r ion m/z = 157 in the gas phase.

Fig. 4 lists the DFT structures of the fragments (CF3)2P,
CF3)2P−, (CF3)2P2− and (CF3)2P3−. The C–P–C angle
ncreases slightly from (CF3)2P− to (CF3)2P3−, while the P–C
ond length in all the anions is the same.

.2.5. Ion–molecule reaction between CF3
− and (CF3)3P

To see whether (CF3)4P− or the lower mass phosphoranides
CF3)3PF− (m/z = 257), (CF3)2PF2

− (m/z = 207), CF3PF3
−

m/z = 157) can be formed as a result of an ion–molecule
eaction between CF3

− and (CF3)3P, the secondary ion CF3
−

as been isolated (after 1 s reaction time between the accelerated
rimary phosphide ion (CF3)2P− and the neutrals). The m/z
alues of all product ions were measured in high resolution
ode at all the reaction times utilized. No dependence of

ccurate mass upon reaction time was observed, as expected.
ariable delay times between 0 and 5 s were assigned to trace

he behaviour of absolute signal intensities of all ions, which
ontribute to the reaction (Fig. 5).

From Fig. 5, we notice two reactive ions: the secondary CF3
−

on and the tertiary ion m/z = 157 which appears in minor signal
ntensity along the reaction time investigated. From this figure
lone, it is not obvious whether high m/z ions such as m/z = 169,
07 and 257 are directly produced from CF3

− ion–molecule
eaction or from the reactive tertiary ion m/z = 157, that might
ontribute to the production of any other higher m/z ions.

Although m/z = 157 has a small absolute signal intensity, as a
eaction intermediate, it may yield high amounts of other product
ons.

The tertiary ion m/z = 157 has been quenched using a radial
uench pulse of 53 Vp–p with the same duration as the reaction
ime. If this ion is quenched (Fig. 6), the product ion m/z = 169
oes not appear. So it is now clear that the tertiary ion m/z = 157
s responsible for formation of ion m/z = 169. We can also con-
lude that the product ions m/z = 207 and m/z = 257 are formed
irectly from CF3

− ion–molecule reaction. The mechanisms of
he formation of the product ions m/z = 169, 207 and 257 are

stablished by ejection experiments.

.2.5.1. Mechanism and energy balance of the ion–molecule
eaction CF3

− + (CF3)3P. DFT calculations have indicated that
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Fig. 4. Optimized structures of (CF3)2P neutral and anions. Angles in degrees and bond lengths are in Angstrom.

Fig. 5. Time dependent signal intensities of all observed ions during an ion–molecule reaction between CF3
− and the neutrals at 2 × 10−7 mbar. TIC is the sum of

all signal intensities of observed ions.
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ig. 6. Ion–molecule reactions between CF3
− and the neutrals at 2 × 10−7 mbar

ime. TIC is the sum of all signal intensities of observed ions.

here is no route for a nucleophic addition of CF3
− toward any

arbon or fluoride atom in the three CF3 groups available in
CF3)3P along the potential energy surface of the reaction system
F3

− and (CF3)3P. Furthermore, Mulliken charge distribution
einforces this fact, since the three F-atoms in the CF3

− group
s well as the F-atoms in all three CF3 groups in (CF3)3P have
elatively high negative charge values (see Fig. 7). This leads to
utual coulombic repulsion between the negative partial charges

f both CF3
− and the substrate. There might be an approach

f one F-atom in CF3
− toward the electrophilic carbon cen-

er of one of the three CF3 groups in (CF3)3P, since there is
large charge difference between them. However, steric hin-

rance produced by these two reaction partners, that are heavily
rowded with negatively charged F-atoms, combined with their
arge coulombic repulsion makes this approach inapplicable.
The only route, that has been found using DFT calculations,
s a nucleophilic addition of the CF3

− anion on the phospho-
ous atom in (CF3)3P, Fig. 8. The energy of this association
omplex has been found to be −11.5 kcal/mol (298 K), if one

p
t
C
a

Fig. 7. Mulliken charge distribution in
tertiary ion m/z = 157 has been continuously quenched during the entire reaction

f the F-atoms of CF3
− is added directly to the phosphorous

tom of (CF3)3P. This complex leads to the observed (CF3)3PF−
m/z = 257) after release of a CF2 molecule.

For the formation of (CF3)4P− a different association com-
lex is necessary. The carbon atom and not one fluorine atom
f CF3

− has to associate directly with the phosphorous atom
f (CF3)3P. The resultant anion (CF3)4P− lies 33.1 kcal/mol
298 K) below the sum of the energies of the reactants, CF3

−
nd (CF3)3P. However, this anion has not been experimentally
bserved in ICR in the pressure range from 2 × 10−7 mbar to
× 10−6 mbar. This ion has a very short life time in the gas
hase. It cannot be stabilized by collisions in this pressure range.
igher pressures are not applicable in ICR, since peak broad-

ning and loss of ions occur. The energy of −33.1 kcal/mol
eleased by formation of (CF3)4P− can induce a rearrangement

roducing (CF3)2PF2

− (m/z = 207), that has been experimen-
ally observed in ICR as a major product ion, after release of

2F4 fragment. The calculated gas phase structures of (CF3)4P−
nd (CF3)3PF CF2

− are shown in Fig. 8.

(CF3)3P neutral and CF3
− ion.
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Fig. 8. Gas phase structures for (CF3)4P−

Self-CID experiments on the product ions of the
on–molecule reaction between CF3

− and the neutrals support
he identity of the discussed product ions.

The fragmentation pattern of the product ion m/z = 157 con-
ains CF3

− (10.2%) only after 50 ms of delay time. Both F−
11.2%) and CF3

− (13.3%) were observed after 100 ms delay
ime of acceleration. Fragmentation pattern of the product ion
/z = 169 produces CF3

− (6.2%) only after 100 ms.
Acceleration of the product ion m/z = 207 produces CF3

−
5.5%) after 50 ms and both F− (4.4%) and CF3

− (6.1%) after
00 ms, whereas m/z = 257 acceleration produces CF3

− (12.7%)
nly after 50 ms.

Ion–molecule reactions of CF3
− lead to the formation of the

hree major product ions (CF3)3PF− (m/z = 257), (CF3)2PF2
−

m/z = 207), and CF3PF3
− (m/z = 157) in exothermic reactions

Eq. 6.1, 6.2, and 6.3) (Scheme 4).
.2.6. A final word about self-CID of secondary ion
/z = 157
The product ion m/z = 257 has been observed as a result

f an energetic ion–molecule reaction between the accelerated

(
c
c

Scheme 4. Ion-neutral reactions b
he association complex (CF3)3PF CF2
−.

econdary ion CF3PF3
− m/z = 157 and the neutral molecules

as shown in self-CID experiment of CF3PF3
− (m/z = 157) in

ection 3.2.3. The ion–molecule reaction between CF3PF3
−

m/z = 157) and the neutrals leading to (CF3)3PF− (m/z = 257)
s slightly endothermic, while the production of (CF3)2P–PF3

−
m/z = 257) from the same reaction system is highly exothermic.
hus, energy supply is needed to produce the phosphoranide

CF3)3PF− and this is exactly what was provided in the self-
ID experiment through accelerating of the secondary ion
F3PF3

−.
On the other hand, the tertiary ion CF3PF3

− (m/z = 157)
ormed in the thermal ion–molecule reaction between CF3

−
nd the neutral molecules produces only a small proportion of
he phosphoranide (CF3)3PF− (m/z = 257) as a quaternary prod-
ct ion. The high resolution measurement of the product ion
/z = 257 formed from the same ion–molecule reaction proves

he phosphoranide structure (CF3)3PF−.

In Eq. (5.2), we have shown, that formation of (CF3)2P–PF3

−
m/z = 257) from CF3PF3

− (m/z = 157) is exothermic. We con-
lude, that the absence of (CF3)2P–PF3

− (m/z = 257) is due to the
hemical nature of this structure which has very high electron-

etween CF3
− and (CF3)3P.
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[19] B. Hoge, C. Thösen, T. Herrmann, Inorgan. Chem. 42 (2003)
ig. 9. Mulliken charge distribution of (CF3)2P–PF3
− phosphoranide ion.

ithdrawing groups that remove the required electron density for
he P–P bond formation. Fig. 9 shows the DFT calculated Mul-
iken charge distribution of the (CF3)2P–PF3

− phosphoranide
on. It is clear to note that both two phosphorus atoms as well
s both carbon atoms of the two CF3 groups bear large partial
ositive charges. From these obvious partial positive charges on
oth phosphorus atoms, it can be concluded, that there is too
ittle electron density on the central line connecting these two
hosphorus atoms in this ion.

.2.7. Conclusion
Two sources, (CF3)2P− (m/z = 169) and CF3

− (m/z = 69) have
een experimentally identified for the production of the phos-
horanides (CF3)3PF− (m/z = 257), (CF3)2PF2

− (m/z = 207),
nd CF3PF3

− (m/z157) in the gas phase at 2 × 10−7 mbar.
t is shown that these phosphoranides are formed in large
ields in a reaction time of 1 s, if the primary phosphide ion
CF3)2P− (m/z = 169) is accelerated. However, phosphoranide
ormation requires a relatively high pressure (2 × 10−7 mbar).
FT calculations for the adiabatic electron affinity clearly shows

hat multiply charged anions of the phosphide do not exist at
hese experimental conditions. Gas phase structures of several
hosphide and phosphoranide anions have been calculated and
iscussed in this article.

The phosphoranide (CF3)4P− (m/z = 307) was not observed
xperimentally in the gas phase. The association complex
etween CF3

− and (CF3)3P shows a fluorine phosphorus
nteraction. Its formation is exothermic by 11.5 kcal/mol. This
omplex dissociates to the observed (CF3)3PF− (m/z = 257)
nd difluorocarbene.
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