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The gas-phase ion-molecule reactions of 1,1,3,3-tetrafluorodimethyl ether and water have been examined
using Fourier transform ion cyclotron resonance mass spectrometry, infrared multiphoton dissociation (IRMPD)
spectroscopy, and ab initio molecular orbital calculations. This reaction sequence leads to the efficient
bimolecular production of the proton-bound dimer of water (H5O2

+). Evidence for the dominant mechanistic
pathway involving the reaction of CF2H-OdCHF+, an ion ofm/z 99, with water is presented. The primary
channel occurs via nucleophilic attack of water on the ion ofm/z99 (CF2H-OdCHF+), to lose formyl fluoride
and yield-protonated difluoromethanol (m/z 69). Association of a second water molecule with protonated
difluoromethanol generates a reactive intermediate that decomposes via a 1,4-elimination to release hydrogen
fluoride and yield the proton-bound dimer of water and formyl fluoride (m/z 67). Last, the elimination of
formyl fluoride occurs by the association of a third water molecule to produce H5O2

+ (m/z 37). The most
probable isomeric forms of the ions withm/z99 and 69 were found using IRMPD spectroscopy and electronic
structure theory calculations. Thermochemical information for reactant, transition state, and product species
was obtained using MP2(full)/6-311+G**//6-31G* level of theory.

Introduction

There has been a considerable effort recently in probing the
gas-phase structure of the proton-bound dimer of water as well
as other symmetric and asymmetric protonated dimers of small
molecules using infrared multiphoton dissociation (IRMPD)
spectroscopy.1-4 This has been accomplished by mating either
a Fourier transform ion cyclotron resonance (FT-ICR)1-3

spectrometer or ion trap4 mass spectrometer to a tunable, infrared
light source of high intensity, such as a free-electron laser (FEL).
In an FT-ICR cell, the pressure is typically between 10-10 to
10-8 Torr. Under these low-pressure conditions it is difficult to
produce weakly bound cluster ions such as the proton-bound
dimer of water (eq 1) via direct ion-molecule association
reactions since the number of collisions is very small during
the lifetime of the complex.

Some years ago Clair and McMahon devised an elegant
technique for the efficient production of H5O2

+ within the low-
pressure confines of the FT-ICR cell.5 This method involved
the addition of 1,1,3,3-tetrafluorodimethyl ether (TFDE) in the
presence of water vapor directly into the FT-ICR cell. H5O2

+

is the dominant ionic species rapidly formed as the terminal
ion-molecule reaction product. Electron impact (70 eV) on
TFDE results almost exclusively in the formation of difluo-

romethyl cation atm/z 51, the result of cleavage of the CsO
bond in the TFDE radical cation. This electrophilic species reacts
quickly with TFDE by fluoride abstraction and elimination of
fluoroform to yield an ion ofm/z 99 that does not react further
with TFDE (eq 2).

Addition of water to the ICR cell in whichm/z 99 was the
dominant ion resulted in facile formation of H5O2

+. A mech-
anism for the formation of H5O2

+ was proposed in the work
of Clair and McMahon5 in which it was suggested that
m/z 99 undergoes SN2 attack by water to form protonated
difluoromethanol and formyl fluoride. Protonated difluorometh-
anol and water were then suggested to form a nascent proton-
bound dimer that eliminates difluorocarbene to generate H5O2

+

(Scheme 1).5

A second mechanism was proposed in which it was presumed
thatm/z 99 had the structure of a proton-bound dimer between
difluorocarbene and formyl fluoride. Water then displaces
formyl fluoride, producing a proton-bound dimer of water and
difluorocarbene that then undergoes displacement of difluoro-
carbene by a second water molecule to yield H5O2

+ (Scheme
2).5 This second mechanism was proposed to account for the
rapid production of H5O2

+, because it involves a series of
exchange reactions where H2O acts as a stronger base that can
displace both formyl fluoride and difluorocarbene. These
reactions involving H2O to form proton-bound dimers are then
presumed to each occur at or near the collision rate.
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+ + CF3H (2)
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A third mechanism was also proposed which was not initiated
by the m/z 99 ion, but rather a hydronium ion reacting with
TFDE to produce the proton-bound dimer of formyl fluoride
and water with the elimination of fluoroform. A second
water molecule then displaces formyl fluoride to form H5O2

+

(Scheme 3).5

The schemes proposed by Clair and McMahon were based
on evolution of ion intensities as a function of reaction time

obtained using conventional trapped-ion cyclotron resonance
experiments. At the time of that work, the limited capabilities
of the instrumentation did not allow for ion ejection to permit
single-species ion isolation to be performed. The consequence
of this inability to isolate a single ion of interest was that all
possible ion-molecule reaction sequences occurred simulta-
neously. Therefore, several mechanistic arguments could be
made to describe the observed time-intensity profiles. A further

SCHEME 1

SCHEME 2

SCHEME 3

Formation of Protonated Water Dimer via TFDE J. Phys. Chem. A, Vol. 111, No. 36, 20078793



aid that was not readily available at that time was that of modern
ab initio molecular orbital calculations and high-performance
computing capabilities.

The present study incorporates the use of FT-ICR kinetics
experiments, IRMPD spectroscopy, and ab initio calculations
to better understand the novel ion-chemistry leading to bimo-
lecular production of proton-bound dimers.

The application of the method using TFDE for efficiently
generating H5O2

+ has been extrapolated to yield several
examples of homogeneous and heterogeneous proton-bound

dimers formed within an FT-ICR apparatus designed specifically
for IRMPD spectroscopy with the objective of structural
characterization.2

Experimental Methods

FT-ICR Mass Spectrometry: Kinetic Studies.Experiments
involving kinetic measurements were performed using a Spec-
trospin CMS 47 FT-ICR mass spectrometer, equipped with a
4.7 T, 150 mm horizontal bore superconducting magnet.

Figure 1. Relative intensity (ri) vs time profile produced by reaction of the ion withm/z 99 with water at partial pressure of 9.6× 10-9 mbar.

Figure 2. Relative intensity (ri) vs time profile for a selection of the low-intensity ions presented in the boxed region of Figure 1.
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Kinetics of bimolecular ion-molecule reactions are readily
amenable to investigation with an FT-ICR experiment (eq 3).

The partial pressure of the neutral reactant molecule is carefully
maintained constant via a molecular leak valve. If the partial
pressure of the neutral (PB) is held constant, then eq 3 may be
expressed as a pseudo-first-order kinetic process withkobs )
k2PB (eq 4).

If the ion A+ reacts via a pseudo-first-order kinetic process,
then the differential equation for the instantaneous rate of
change of the concentration of A+ with respect to time is given
by eq 5.

Equation 5 can then be integrated to yield eq 6.

In this study, the quantity [A+] is the normalized ion intensity
of A+. A plot of ln[A+] versust will yield a straight line with
negative slope equal to the observed pseudo-first-order rate
constant (kobs/s-1). The bimolecular rate constant (k2/cm3

molecules-1 s-1) associated with eq 3 can then also be obtained
as shown by eq 7, whereNB is the number density of neutral
reactant molecules, B.

The pressure of water reported here has been corrected for
the sensitivity of the calibrated ionization gauge.

IRMPD Consequence Spectroscopy: Structural Elucida-
tion. The coupling of the FT-ICR and free electron laser has
been described previously. All IRMPD experiments were
conducted at the Centre Laser Infrarouge d’Orsay (CLIO),6

which houses an FEL to which a mobile ion cyclotron resonance
analyzer (MICRA)7 has been mated. IRMPD efficiency spectra
are obtained by observing IRMPD of an ion of interest and all
photoproducts of IRMPD as a function of radiation wavelength.
The FEL wavelength was stepped in increments of∼5 cm-1,
and the laser bandwidth is 0.3-0.5% of the spectral wavelength.
Ions were irradiated for 2 s. The laser wavelength and bandwidth
are monitored via a monochromator associated with a spiricon
multichannel detector. The ions were prepared directly within
the ICR cell by electron-impact on 1,1,3,3-tetrafluorodimethyl
ether, which was pulsed into the cell, and then allowed to react
with water vapor, which was also subsequently pulsed into the
ICR cell.

Computational Chemistry. Geometry optimization of all
reactant and product species were performed at the MP2(full)/
6-31G(d) level of theory. To obtain the enthalpies and thermal
corrections required to calculate Gibbs free-energy changes of
reaction, harmonic frequencies were determined at the same
level of theory and scaled by 0.9427.8 Only minimum energy
structures were used in calculations of thermochemical param-
eters. All optimized structures possessed no imaginary frequen-
cies. For transition state structures, only one imaginary frequency
associated with the mode connecting reactant and product
species was present. The accuracy of the electronic energy
calculation was further improved for all species by performing
single-point calculations at the MP2(full)/6-311+G(d,p) level
of theory.

To compare with experiment, infrared spectra were calculated
using the B3LYP/6-31+G(d,p) level of theory. Density func-
tional theory has been found to give very good agreement with
gas-phase IRMPD in the past.1,2 The harmonic frequencies
provided by the B3LYP/6-31+G(d,p) calculation were not
scaled. All calculations were performed using the Gaussian 03
software package.9

Figure 3. A plot of the natural logarithm of the relative intensity vs time for the ion withm/z 99 demonstrating pseudo-first-order kinetic behavior
under a constant partial pressure of water.
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Results and Discussion

The ability to trap and isolate single ions of interest allows
for a partial kinetic evaluation of the mechanisms proposed by
Clair and McMahon. A comparison of Schemes 1 and 2 reveals
that the difference between the two mechanisms is the assumed
structure of the ion ofm/z 99 as well as the intermediate ion of
m/z69. In Scheme 1, it is proposed thatm/z99 has the structure
of a difluoromethylated formyl fluoride ion, while Scheme 2
proposes that this species is a proton-bound dimer of formyl
fluoride and singlet difluorocarbene. Similarly, Scheme 1
suggests thatm/z 69 has the structure of protonated difluo-
romethanol, while Scheme 2 implicates a proton-bound dimer
of water and difluorocarbene. In accordance with pseudo-first-
order kinetics, under a constant partial pressure of water the
sequences shown in Schemes 1 and 2 should exhibit first-order
decay ofm/z 99. The time-intensity profile for isolatedm/z 99
in the presence of water and TFDE at a partial pressure of water
of 9.6× 10-9 mbar is shown in Figure 1. In addition tom/z 69,
several other product ions are observed, and a selection of these
ions is shown clearly in Figure 2.

The pseudo-first-order rate constant (kobs) for the disappear-
ance ofm/z99 is found to be 1.4× 10-1 s-1 at a partial pressure
of H2O of 9.6× 10-9 mbar (Figure 3), leading to a bimolecular
rate constant for the reaction ofm/z99 with water of 6.0 ((1.4)
× 10-10 cm3 molecules-1 s-1, which corresponds to ap-
proximately 22% of the ion-molecule collision rate.10

The structural identity ofm/z99 (C2F3H2O+) was interrogated
using IRMPD spectroscopy and density functional theory
calculations (Figure 4). IRMPD ofm/z 99 revealed two
dissociation pathways, loss of CF3H and CO, that yields ions
at m/z 29 and 71, respectively. The relative intensities of the
two fragments slightly favoredm/z 29, protonated carbon
monoxide, overm/z71, presumably protonated fluoroform. Both
fragments probably result from an initial intramolecular transfer
of fluoride to the CF2H moiety resulting in loss of fluoroform
(producingm/z29) accompanied by near thermoneutral proton-
transfer from HCO+ to CF3H such that the neutral loss is CO
(producingm/z71). According to NIST, the proton affinity (PA)
of CF3H is higher than that of CO by approximately 30 kJ
mol-1, which would suggest that the more abundant fragment

Figure 4. The IRMPD spectrum for the ion withm/z 99 is shown in the solid black line and a B3LYP/6-31+G** calculated spectrum is shown
in the dashed black line for each of the species, Ia, Ib, and II. The ions Ia and Ib are two stable difluoromethylated formyl fluoride rotomers. The
rotomer Ia is favored exergonically by 1.50 kJ mol-1 relative to Ib. The proton-bound dimer of difluorocarbene and formyl fluoride is species II.
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ion should bem/z 71. The PA of CF3H as reported by NIST is
the same PA as that of CF2H2 of 620 kJ mol-1, which raises
considerable concern for the uncertainty of this reported value.
Calculations at the CBS-Q11,12 level of theory find the PA of
CF3H and CF2H2 to be 562 kJ mol-1 and 542 kJ mol-1,
respectively. The preceding PA values are markedly different
from the PA values of 620 kJ mol-1 reported by NIST. The
calculated (CBS-Q) PA for CO is found to be 584 kJ mol-1,
which is in good agreement with the value reported by NIST
of 590 kJ mol-1. The CBS-Q calculations are thus consistent
with observation of the dominant fragmentation ofm/z 99 to
yield protonated CO (HCO+) at m/z 29 rather than protonated
CF3H atm/z71. This demonstrates that caution should be taken
with the NIST PA value reported for both CF3H and CF2H2.

The vibrational band assignments for the most probable
isomer ofm/z 99 (Ia) are shown in Table 1 The vibrational
spectrum for ionm/z 99, species Ia, obtained by the electronic
structure calculations is consistent with the IRMPD experiment.
In addition, the calculations show that the difluoromethylated
formyl fluoride (Ia) isomer is favored by 28.9 kJ mol-1

over the proton-bound dimer of difluorocarbene and formyl
fluoride (II) with a very small energy barrier of 2.40 kJ mol-1

separating the two (Figure 5). The difluoromethylated formyl
fluoride isomer atm/z99 Ia will be referred to as isomer I from
here on.

The preceding evidence thus implies that the dominant
structure of the ion withm/z 99 is difluoromethylated formyl
fluoride (I). The ion is formed efficiently by reaction of
difluoromethyl cation, the dominant fragment ion obtained by
electron impact on TFDE, with TFDE to yieldm/z 99 and
fluoroform. Electronic structure calculations show this reaction
(eq 2) to be exergonic by 124 kJ mol-1 (298 K).

Assuming the starting structure form/z 99 is species Ia, as
shown in Figure 4, it is then of interest to ascertain the most
probable channel for the formation of H5O2

+. In Scheme 1, the
SN2 displacement of formyl fluoride fromm/z 99 via attack of
water is calculated to be exergonic by 39.0 kJ mol-1 (298 K)
and is shown in Figure 6. The bimolecular rate constant (k2)
for this reaction between water andm/z 99 of 6.0 ((1.4) ×
10-10 cm3 molecules-1 s-1 is a significant fraction of the
collision rate constant, implying an absence of any substantial
barrier to reaction. This is in contrast to the smaller gas-phase
bimolecular rate constants (300 K) measured for symmetric
chloride13 and bromide14 gas-phase nucleophilic displacement
reactions with rate constants at 3.5 ((1.8) × 10-14 and 2.4
((0.6)× 10-11 cm3 molecules-1 s-1, respectively. The preced-
ing symmetric exchange reactions are described generally by
eq 8

and resemble the SN2 reactions observed for positive ions such
as the displacement of H2O in the reaction of protonated
methanol with methanol (eq 9). The rate constant obtained for

TABLE 1: Band Assignments and Comparison of Predicted
Band Positions for the IRMPD Spectrum of Isomer Ia of m/z
99, FHCdO-CF2H+

assignment
experimental
band/cm-1

B3LYP/6-31+
G**/cm-1

C-O str 725 732
F-CdO bend 824 805
C-F str 1206 1180
C-F str 1275 1251
O-C-H bend 1280
H-C-F bend 1324
H-CdO bend 1434 1402
H-C-F bend (on CF2H moiety) 1434
CdO str 1663 1675

Figure 5. Gibbs free-energy (298 K) profile for the unimolecular isomerization of difluoromethylated formyl fluoride atm/z 99 (I) to the proton-
bound dimer of difluorocarbene and formyl fluoride atm/z 99 (II) through a transition species (III).

Xa
- + CH3Xb f XaCH3 + Xb

- (8)
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the reaction described by eq 9 was found by McMahon and
Beauchamp15 to be 1.05× 10-10 cm3 molecules-1 s-1. This
was later verified by Fridgen and co-workers16 who obtained a
value of 1.04 ((0.02)× 10-10 cm3 molecules-1 s-1. The rate
constant determined in this work of 6.0 ((1.4) × 10-10 cm3

molecules-1 s-1 is on the same order of magnitude as the rate
constants obtained in the above studies15,16involving a positive
ion as the electrophilic substrate.

Because the reaction ofm/z 99 with water does not occur at
collision rate, this provides further evidence that a displacement-
type process involving proton transfer such as the one proposed
in Scheme 2 is not likely. A reaction of this type would be
expected to occur very close to or at the collision rate. The
change in Gibbs free energy at 298 K for an SN2 type
mechanism proposed in the first step of Scheme 1 is shown in
Figure 6.

The energetic pathway leading to formation of ions withm/z
49 and 69, whose time-intensity profiles are shown in Figure
2, is presented in Figure 6. The ions withm/z 49 and 69 are the
protonated forms of formyl fluoride and difluoromethanol,
respectively. The product ion is shown in Figure 6 exclusively
as protonated difluoromethanol atm/z 69 (VII). It is feasible
that protonated formyl fluoride withm/z 49 could be formed
by simple proton transfer from the dissociating complex (VI).
The difference in PA calculated at the CBS-Q11,12level of theory
is only 3.0 kJ mol-1 in favor of the protonation of difluo-
romethanol over formyl fluoride. The PA values calculated for
difluoromethanol and formyl fluoride are 654 and 651 kJ mol-1,
respectively. It is thus reasonable to suggest that the proton will
be statistically distributed between the two molecule entities.

The possibility of unimolecular isomerism between protonated
difluoromethanol (VII) and the proton-bound dimer of difluo-

rocarbene and water (IX) was examined using electronic
structure calculations. The proton-bound dimer of difluorocar-
bene and water (IX) was presented in Scheme 2. Protonated
difluoromethanol (VII) is favored over the proton-bound dimer
of difluorocarbene and water (IX) by 43.0 kJ mol-1 at 298 K
(Figure 7). There is also a large barrier of isomerism from
protonated difluoromethanol (VII) to the proton-bound dimer
of difluorocarbene and water (IX) of 53.8 kJ mol-1 at 298 K
(Figure 7). The protonated alcohol (VII) is both thermodynami-
cally and kinetically favored over the proton-bound dimer (IX).

It was an unproductive effort to probe the structure ofm/z
69 by IRMPD spectroscopy. This was due to protonated
difluoromethanol atm/z 69 (VII) reacting rapidly with water
resulting in an inadequate amount of isolation time for the ion
to be irradiated by the laser. It was rationalized that a species
analogous in structure tom/z 69, however less reactive, could
be formed by reacting difluoromethylated formyl fluoride atm/z
99 (I) with dimethyl ether rather than water. This alternative
reaction was performed and an oxonium ion withm/z 97 (B)
was isolated and examined by IRMPD spectroscopy (Figure 8).
By replacing the once acidic hydrogen atoms found attached to
the oxygen in protonated difluoromethanol (VII) with methyl
groups, the reactivity with water of the oxonium ion atm/z 97
(B) is reduced relative to protonated difluoromethanol atm/z
69 (VII). This reduced reactivity allowed the oxonium ion at
m/z 97 (B) to be isolated readily for IRMPD analysis.

The vibrational band assignments for difluoromethylated
dimethyl ether atm/z 97 (B) are given in Table 2.

IRMPD of difluoromethylated dimethyl ether atm/z 97
resulted in ionic products withm/zof 63 and 47, the latter being
the slightly more dominant fragment. These ions are presumably
methylated formyl fluoride (m/z 63) and protonated dimethyl
ether (m/z 47) formed by loss of CH3F and CF2, respectively.
The latter fragmentation might have indicated a proton-bound

Figure 6. Gibbs free-energy (298 K) profile for the nucleophilic attack of water on difluoromethylated formyl fluoride withm/z 99 (I) to yield
protonated difluoromethanol withm/z 69 (VII) and formyl fluoride (VIII).

CH3OH2
+ + CH3OH f (CH3)2OH+ + H2O (9)
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dimer of difluorocarbene and dimethyl ether atm/z 97 (A). A
comparison of the experimental infrared spectrum with the
predicted spectra for the proton-bound dimer of difluorocarbene
and dimethyl ether atm/z 97 (A) and difluoromethylated
dimethyl ether atm/z97 (B) reveals that the proton-bound dimer
of difluorocarbene and dimethyl ether (A) is not a good
candidate structure. The ion atm/z 47 is thus likely the result

of proton transfer from CF2 to (CH3)2O in the exit channel
complex initiated by F2HC-O bond cleavage as shown by
Scheme 4.

From a comparison of the experimental and predicted spectra,
it is likely that the structure is the oxonium ion, difluoromethyl-
ated dimethyl ether, atm/z 97 (B). However, there is some
disagreement between the experimental and predicted spectrum,

Figure 7. Gibbs free-energy (298 K) profile for the unimolecular isomerization of protonated difluoromethanol atm/z 69 (VII) to the proton-bound
dimer of difluorocarbene and water atm/z 69 (IX) through a transition species (X).

Figure 8. The IRMPD spectrum for the ion withm/z 97 (solid) and the B3LYP/6-31G* calculated spectra (dashed) for the proton-bound dimer of
difluorocarbene and dimethyl ether (A) and a oxonium ion that can be described as difluoromethylated dimethyl ether (B).
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especially in the 1500-1700 cm-1 region. The symmetric CH3
deformation is predicted to occur at∼1500 cm-1, which is
typical for this mode. The observed position for this band could
be that at either 1418 cm-1 or the higher energy at 1660 cm-1.
If the experimental band is not 1660 cm-1, then it is difficult
to account for it as there are not any other bands predicted to
occur at higher energy other than the C-H stretches.

The spectra presented in Figure 8 shows that the identity of
the ion with m/z 97 is more likely the difluoromethylated
dimethyl ether (B) isomer rather than the proton-bound dimer
of difluorocarbene and dimethyl ether (A). If formation of
difluoromethylated dimethyl ether atm/z 97 (B) is analogous
to the formation of protonated difluoromethanol atm/z69 (VII),
this then further justifies the assignment of protonated difluo-
romethanol atm/z 69 (VII) as the reactive isomer involved in
the mechanism considered here.

The first step shown by Scheme 1 proposed by Clair and
McMahon is supported experimentally and computationally.
This is based on the evidence that there is an SN2 attack of

water on the difluoromethylated formyl fluoride ion atm/z 99
(I) with a bimolecular rate coefficient of 6.0 ((1.4) × 10-10

cm3 molecules-1 s-1. The magnitude of the rate coefficient is
consistent with an SN2 process involving a positive ion as the
electrophilic substrate.15,16 This reaction forms protonated
difluoromethanol atm/z 69 predominantly but will also yield
protonated formyl fluoride atm/z 49 (Figure 2). This is further
evidence that the SN2 process proposed for the first step of
Scheme 1 by Clair and McMahon is a dominant reaction
channel.

IRMPD spectroscopy has been used to directly identify the
ion with m/z 99 as difluoromethylated formyl fluoride (I) and
has been used to find the structure of the ion withm/z 69 as
protonated difluoromethanol (VII). Identification of the structure
of the ion with m/z 69 as protonated difluoromethanol (VII)
was accomplished indirectly by isolation of an ion withm/z 97
formed analogously to protonated difluoromethanol (VII) by
reacting dimethyl ether instead of water with difluoromethylated

Figure 9. Gibbs free-energy (298 K) profile for the association of protonated difluoromethanol atm/z 69 (VII) with water to yield the proton-
bound dimer of water and formyl fluoride atm/z 67 (XV) is shown in the solid blue line. Reaction processes that are endergonic relative to the
reactants are shown in the dashed blue line.

SCHEME 4
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formyl fluoride (I). This species was an oxonium ion of
difluoromethylated dimethyl ether atm/z 97 (B).

Electronic structure calculations at the MP2(full)/6-311+G-
(d,p)/6-31G(d) level of theory show the SN2 process presented
in Scheme 1 to be exergonically favored at room temperature
by 39.0 kJ mol-1 (Figure 6).

The second step proposed in Scheme 1 is formation of H5O2
+

at m/z 37 (XIV) and difluorocarbene from the reaction of
protonated difluoromethanol atm/z69 (VII) with water (Figure
9). This process is endergonic at 298 K by 43.2 kJ mol-1 (Figure
9) thus rendering this process most unlikely at room temperature.
The barrier to decomposition is also relatively high and is 28.6
kJ mol-1 above the reactant species. The loss of difluorocarbene
from ionic species has been previously observed in compounds
containing trifluoromethyl groups,17-19 and thus it seems
reasonable to assume also that it may be possible to lose
difluorocarbene in compounds containing difluoromethyl groups.
Because the loss of difluorocarbene from the water and
protonated difluoromethanol complex (XI) is high-energy chan-
nel, it then suggests that a more energetically favorable channel
is facilitating the rapid production of H5O2

+. A feasible
explanation for the elementary step leading to the formation of
H5O2

+ is found by considering the two ions atm/z 67 and 85
as shown in Figure 2.

A possible source of the ion withm/z 67 is from the
spontaneous decomposition of the complex formed by the
reaction of water and protonated difluoromethanol (XI). This
occurs by loss of hydrogen fluoride (HF) through a 1,4-
elimination (XVII) transition state that is exergonic by 74.0 kJ
mol-1 (298 K). The elimination of HF yields a proton-bound
dimer of water and formyl fluoride atm/z 67 (XV) (Figure 9).
It is not uncommon for ionic fluorine-containing species to lose
HF, and this process has been investigated previously both
experimentally and computationally.17,20,21Following the con-
figuration of the six member ring-like transition state (XVII), a
ring-opened intermediate (XIX) is produced that can readily lose
HF and yield the proton-bound dimer of water and formyl
fluoride at m/z 67 (XV). The formation of the ring-opened
intermediate (XIX) is exergonic by 181 kJ mol-1 (298 K). The
production of HF and the proton-bound dimer of water and
formyl fluoride atm/z 67 (XV) is exergonic by 161 kJ mol-1

(298 K).
A secondary channel to produce HF and the proton-bound

dimer of water and formyl fluoride atm/z 67 (XV) was also
considered. This secondary channel assumed a four member
ring-like transition state (XVI) structure that proceeds through
a 1,2-elimination of HF as oppose to the 1,4-elimination of HF
proposed above. The 1,2-elimination was found to possess an
endergonic barrier to decomposition of 44.6 kJ mol-1 (298 K),
and it is thus not a kinetically accessible channel. The transition
species (XVI) exhibits ring-strain, and this will cause it to be
high in energy.

Following the production of the proton-bound dimer of water
and formyl fluoride atm/z67 (XV), a third water molecule may
then associate with this ion to yield an ion atm/z 85 (XX)
(Figure 10). This step is exergonic by 71.1 kJ mol-1 (298 K).
The ion atm/z 85 (XX) can then decompose to produce H5O2

+

at m/z 37 (XIV) and formyl fluoride (VIII). The formation of
H5O2

+ at m/z 37 (XIV) by the displacement of formyl fluoride
(VIII) by water from the ion atm/z 85 (XX) is exergonic by
40.3 kJ mol-1 (Figure 10).

Figure 10. Gibbs free-energy (298 K) profile for the decomposition of the ion withm/z 85 (XX) into H5O2
+ at m/z 37 (XIV) and formyl fluoride

(VIII).

TABLE 2: Band Assignments and Comparison of Predicted
Band Positions for the IRMPD Spectrum of Species ofm/z
97, HF2CO(CH3)2

+ (B)

assignment
experimental
band/cm-1 Ia, B3LYP/6-31+G**/cm-1

C-O str 822 828
C-O str 926 944
sym C-F str 1213 1148
C-F str 1184
C-F str 1233
H-C-F bend (?) 1418 1398
sym CH3 def (?) 1660 1500
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Conclusions

An efficient bimolecular process involving 1,1,3,3-tetrafluo-
rodimethyl ether and water has been examined with FT-ICR
mass spectrometry, IRMPD spectroscopy, and ab initio molec-
ular orbital calculations.

The process involves the rapid production of the proton-bound
dimer of water atm/z37 (H5O2

+) (XIV). The dominant reaction
channel occurs via the nucleophilic attack of water on difluo-
romethylated formyl fluoride atm/z99 (I) to produce protonated
difluoromethanol atm/z 69 (VII) and formyl fluoride (VIII).
The bimolecular rate constant (k2) for nucleophilic attack of
water on difluoromethylated formyl fluoride atm/z 99 (I) was
found to be 6.0 ((1.4)× 10-10 cm3 molecules-1 s-1. The rate
of nucleophilic attack is of the same order of magnitude as
previously measured systems involving positive ions as an
electrophilic substrate.15,16

Association of a second water molecule with protonated
difluoromethanol atm/z 69 (VII) leads to decomposition via
the 1,4-elimination of hydrogen fluoride (XVII) to form the
proton-bound dimer of water and formyl fluoride atm/z67 (XV).
Finally, the displacement of formyl fluoride occurs by the
association of a third water molecule with the proton-bound
dimer of water and formyl fluoride atm/z 67 to yield H5O2

+ at
m/z 37 (XIV) (Scheme 5).

IRMPD spectroscopy and density functional theory calcula-
tions have been used to determine the most probable structure
of the ions observed atm/z 99 and 69. The ions withm/z 99
and 69 are difluoromethylated formyl fluoride (I) and protonated
difluoromethanol (VII), respectively.

Electronic structure calculations at the MP2(full)/6-311+G-
(d,p)/6-31G(d) level of theory show that the exergonicity of the
sequential reaction steps as proposed by Scheme 5 facilitate
the abundant formation of H5O2

+ (XIV).
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