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The reactions of atomic chromium and chromium fluoride
monocations CrF,* (n = 0—4) with water and nitrous oxide
were investigated by Fourier transform ion cyclotron reson-
ance (FT-ICR) mass spectrometry. Besides slow condensa-
tion, Cr* is unreactive towards water, whereas all chromium
fluoride cations undergo at least one Cr—F bond hydrolysis
yielding the corresponding hydroxide concomitant with loss
of neutral HF. While hydrolysis is complete for CrF* and
CrF,*, proton transfer and HF losses compete with the hydro-
lysis of the second Cr—F bond in CrF;* and CrF,*. Neverthe-

less, complete Cr—F bond hydrolysis is observed for the latter
two cations as well. The results for the ion-molecule reactions
with nitrous oxide are as follows: With the exception of CrF3*,
which gives CrF;O* in a good yield, all species investigated
were found to be essentially unreactive towards N,O. The
ionisation energy of CrF3;O has been determined, IE = 11.3 £
0.2 eV. In addition, limits for the standard heats of formation
of several chromium-containing cations have been derived.
(© Wiley-VCH Verlag GmbH, 69451 Weinheim, Germany,
2002)

Introduction

In previous studies, we investigated the formation of
chromium and chromium fluoride monocations CrF,* (n =
0—4) and their reactions with alkanes C; through C,,['l and
phosphane.?! The appearance of the species Cr(OH)",
CrF(OH)*,  Cr(OH),*, CrF,(OH)", CrF(OH),",
Cr(OH);* and CrF;0™" was detected, and attributed to the
reactions of the chromium fluoride cations with water from
the background of the mass spectrometer’s high-vacuum
system. As the presence of water is a widespread nuisance
in mass spectrometry, we wanted to establish sound kinetic
models for the reactions of chromium and chromium fluor-
ide monocations with this neutral species. When investiga-
ting reactions of chromium and chromium fluoride cations
with neutral species other than water, the kinetic models
established here would allow for a more accurate descrip-
tion of the reaction systems as the contributions of back-
ground water could then be accounted for quantitatively.

In addition, we wanted to establish a firm basis for the
formation of CrF;O™" hitherto attributed to a reaction of
CrF," with water,['l but not fitting into the general Cr—F
bond hydrolysis scheme:

H,0
Crfy = Crti, | (OH)
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Furthermore, we intended to expand our study to the
generation of other chromium oxyfluoride cations and to
investigate their gas-phase chemical properties.

Results and Discussion

Reactions with Water

The reactions of the CrF, "/H,O systems are summarised
in Figure 1. Species given in square brackets in this compre-
hensive reaction scheme were not observed experimentally
but postulated, (i) as necessary intermediates in an observed
reaction sequence [e.g., CrF,(OH),"] or, (ii) as products of
reactions assumed to be reasonable by analogy to observed
ones. A detailed discussion with regard to the parent ions
CrF,* (n = 0—4) follows below.

Crt

For argon-thermalised Cr™* cations, only slow condensa-
tion yielding mono and di adducts was observed. However,
for methane-thermalised Cr* cations, the di adduct
Cr(H,0)," was not detected. Consequently, this species is
given in square brackets in Figure 1. Besides the water
mono adduct Cr(H,O)*, a number of minor products that
cannot be formed directly from Cr* and water [namely
H;0", CrO*, Cr(OH)*, CrO,*, and Cr(OH),"] were ob-
served. From these results, we draw the following conclu-
sions: (i) Ground-state (°S) bare chromium cations (3d%) are
essentially unreactive towards water. The only reaction ob-
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Figure 1. Reactions of CrF, " (n = 0—4) with water; rate constants and reaction efficiencies ¢ (values in parentheses) are given as defined
in the Exp. Sect.; for discussion, see text; abbreviations: n.d. = not determined (see text), n.r. = “no reactivity” indicating a reaction
efficiency ¢ < 0.05%, n.c. = not covered by this study because the reactant ion was not observed, see text

served is the slow mono adduct formation similar to that
observed by Buckner et al. for the Cr*/NHj; system,® and
by us for the CrF,*/PH; systems.””! The failure of Cr* to
activate O—H bonds parallels previous experimental find-
ings for C—H!"4 and N—H! bonds. (i) Most probably,
the condensation of ground-state Cr* by H,O involves ter-
molecular processes. In addition to water, prime candidates
for third-body interactions are hydrocarbons and molecular
oxygen present in the background of the mass spectrometer;
the presence of the latter is supported by the formation of
the cations CrO* and CrO,™". Interestingly, in a mass-spec-
trometric study of CrO," isomers, water was observed to
catalyse the conversion of Cr(O,)" to the chromyl cation.l’!
Thus, the interplay between water and molecular oxygen is
likely to exert a cooperative effect on the reactivity of Cr*
cations. (iii) Based on this cooperative effect, we assume
that the formation of Cr(H,0),* from Cr(H,O)" is out-
numbered by reactions of the latter ion with O, rather than
with H,O. (v) The rate constants and reaction efficiencies,
given in Figure 1, apply to argon-thermalised chromium
cations. Due to the unknown influence of third-body inter-
actions, they should be taken as upper limits of the effective
bimolecular rate constants.
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CrF*

The only product of the reaction of CrF* with H,O is
Cr(OH)*, corresponding to the loss of neutral HF, whose
thermochemical stability may be considered as the driving
force for the Cr—F bond hydrolysis. The reaction is rather
inefficient compared with the corresponding reactions of
CrF," and CrF;" (see below).

CI’F2+

In a reaction roughly twelve times as fast as that of CrF™*,
CrF,™ reacts with water to form CrF(OH)" which, in turn,
undergoes fast hydrolysis of the remaining Cr—F bond. In-
terestingly, the formal Cr'™ species CrF(OH)" and
Cr(OH)," do not undergo proton transfer to water, whereas
several of their formal Cr'Y and CrY congeners (see below)
do so.

CVF3+

CrF; reacts with water even faster than CrF,", and un-
dergoes facile hydrolysis of the first Cr—F bond. However,
once CrF,(OH)* has been formed, three different reaction
channels exist as shown in Figure 1. First, CrF,(OH)* may
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undergo further Cr—F bond hydrolysis, thus following the
reaction scheme already observed for CrF(OH)™". In addi-
tion, proton transfer from CrF,(OH)* to water is facile,
and the loss of HF yielding CrFO™ is also observed. The
latter reaction shall be discussed in more detail. At a first
glance, HF loss from CrF,(OH)* can proceed as a unimole-
cular reaction, thus apparently indicating that CrF,(OH)™
is a metastable ion. Otherwise, the activation energy needed
to form a weakly binding HF ligand would have to be ac-
quired by collision with another molecule. The actual ob-
servation of CrF,(OH)" on the time scale of an FT-ICR
experiment, however, implies that this cannot hold true.
Limited to both a maximum of 103—10% ions for all species
detected and a lower detection limit of 107 ions for one spe-
cies,[®) the population of an ionic species is too small to
be detected by an FT-ICR mass spectrum if that species
undergoes unimolecular decay with rate constants of typic-
ally some 100 s~!. Furthermore, the intramolecular forma-
tion of HF from two ligands pointing away from each other
seems to be rather unlikely. For geometrically comparable
cations, e.g. HO—Fe™—OHU~% and HO—V*™—OH,!" con-
siderable energy barriers were determined for the 1,3-H
shifts, and it is fair to assume comparable barriers to be
associated with an unimolecular HF formation. By refer-
ence to the results for the iron and vanadium systems, we
conclude that the loss of HF from CrF,(OH)* proceeds as
a water-mediated reaction as indicated in Figure 2.

H
7
20
o H™Y\ _oH
+H, ' /
Pyt g —5 Bt fy .
F IFj
H,0
: -H,0
F—(f=0 —> Fr—a'=o0
K -HF
HF

Figure 2. Conceptual illustration of water-mediated HF loss from
CrF,(OH)*

It is suggested that water acts as a “proton shuttle” [11-12]

in this reaction sequence, and that the intermediate is a
metastable van-der-Waals complex of ionic CrFO™, water,
and HF, which looses both ligands easily. Notably, similar
water-molecule participation has also been observed for the
Cr(O,)* cation,P! the isomerisation of iron-coordinated
cyclohexadienone to phenol,['3] and several metal-free
systems.!!4~161 While HF is known to be a weakly bound
ligand and to “boil off” readily, the loss of H>O from the
intermediate complex can only be postulated from the ob-
servation of CrFO*. The intermediate CrFO"--H,O can-
not be distinguished from the long-lived cation CrF(OH),"
by mass analysis only, because both cations have the same
elemental composition.

At a first glance, the reaction mechanism depicted in Fig-
ure 2 may also explain the absence of the formal reaction
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CrF(OH)* — CrO* + HF. If the O—Cr—F part of the
CrF(OH)" cation was linear, the water molecule could no
longer bridge the distance between the OH group and the
fluoride ligand. However, based on its estimated endo-
thermicity of at least 35 kcal mol™!, this reaction can be
ruled out a priori on thermochemical grounds.

In contrast to the variety of reactions observed for its
predecessor CrF,>(OH)*, ionic CrF(OH)," only undergoes
hydrolysis of the remaining Cr—F bond. Both HF loss and
proton transfer to water, as included in Figure 1, were ruled
out on kinetic grounds. For an explanation of this different
behaviour, we considered the electronic properties of
CrF(OH),™.

In a broader sense, the different effects of a fluorine atom
and a hydroxy group on an adjacent atom shall be discussed
with the help of Equation (1).

CH;OH -
AFPzo5 (keal mol )11 482 £0.1

CH,F*
8=+2

- CH,OH® + CHyF
-62+15 —59

)

The overall reaction enthalpy of A,H%93 = —9 =+ 2.5 kcal
mol~! indicates a comparable influence of the substituent
X (X = F, OH) on a C—H bond. However, as the two
corresponding cations require an ionisation energy of
9.1 eV and 7.6 eV, respectively, they are clearly distinct as
far as thermochemistry is concerned. Delocalisation of the
positive charge in CH,OH™ is a prime explanation for the
lower IE of the corresponding neutral species. As a con-
sequence, the corresponding reaction of cations, rather than
radicals, [Equation (2)] strongly favours the formation of
CH,OH™" as indicated by A.H°yg = —41.8 = 0.1 kcal
mol .

CH;0H + CHF* o CHOH" + CHsF
48.2 + 0.1 199 168 -39

@

Ad {795 (keal mol’l)m]

With respect to the chromium systems, we can conclude
that the hydroxochromium cation can also be described as
protonated chromium oxide, thus allowing for a consider-
able reduction of the formal charge on the metal centre
compared with the chromium fluoride cation. From this ex-
planation, it is evident that the stabilising effects of an OH
group on a metal cation is much larger than the mere differ-
ence between the electronegativities of OH and F. Con-
sequently, it is reasonable to assume that the metal centre
in CrF(OH)," is less electron-deficient than in CrF,(OH)*.
Thus, the tendency to increase the electron density at the
metal centre in CrF(OH)," by the formation of a Cr—O
double bond is less pronounced.

The oxyfluoride CrFO™ undergoes facile hydrolysis of
the remaining Cr—F bond, thus yielding CrO(OH)*. This
ion, in turn, could undergo addition of water similar to that
investigated both experimentally and theoretically for vari-
ous vanadium!'? and iron®!%:11 oxides and oxohydroxide

Eur. J. Inorg. Chem. 2002, 1622—1634
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monocations. However, the kinetic data suggest that addi-
tion of water to CrO(OH)™" is slow, if it occurs at all, in the
pressure region examined. Thus, for the reactions of CrF;*
with water, three terminal product ions are observed with
decreasing abundances; H;0", Cr(OH);*, and CrO(OH)™*.
Regardless of their actual way of formation, the cationic
chromium fragments eventually underwent hydrolysis of all
Cr—F bonds originally present in CrF5*.

CVF4+

On reaction with water, CrF3(OH)™" is formed as the ini-
tial product. One might expect a further increase in the re-
action rate relative to CrF;*; however, this hydrolysis reac-
tion is remarkably slow. This “passive” behaviour of ther-
malised CrF,* has already been observed in the reactions
of this ion with methane and NF3;[!l any excited CrF,*
cations can safely be assumed to have been hydrolysed dur-
ing the period necessary to isolate CrF,* due to the fact
that they are much more reactive. However, the overall be-
haviour of the CrF,*/H,O system resembles that of its
CrF;"/H,O congener: (i) The terminal reaction product,
H;0™" (obtained by proton transfer from hydrolysed CrF,*
to H,O) dominates over Cr(OH)," (complete Cr—F bond
hydrolysis) and CrF,O" where the latter is, by analogy, as-
sumed to be formed by water-mediated HF loss from
CrF;(OH)". While CrF,O" might be expected to undergo
at least one further Cr—F bond hydrolysis, the product
CrFO(OH)" could not be detected in our study, and the
kinetic data suggest that CrF,O" is indeed a terminal reac-
tion product. (i) Three different reaction pathways can be
accessed from the first intermediate, CrF3(OH)*: proton
transfer to water, further Cr—F bond hydrolysis, and water-
mediated HF loss. While the latter reaction has already
been addressed, the other two reaction channels shall be
discussed in more detail here. The generation of H;O™ from
CrF,* and H,O may occur, in principle, by two different
reaction pathways [Equations (3) and (4)].
+H,(

ety

GFf = Crfy(OH)*

A3)

+H,0
—

CrFy
—CrF,

H,0% )

However, both the ionisation energies of CrF4 and water
(see Table 1), the failure to observe cationic H,O" during
the decay of CrF,* and the concurrent increase in H;O"
disfavour the second reaction channel [Equation (4)]. Fur-
thermore, in a double-resonance experiment, ejection of
CrF;(OH)" from the reaction cell caused the signal of
H;0™" to vanish completely. Thus, the generation of H;0™
is attributed to the first reaction channel [Equation (3)].
However, additional formation of H;0" from further-hy-
drolysed ions CrF,(OH)," and CrF(OH);*, cannot be
ruled out so far and will be discussed in more detail below.

Remarkably, the signal for putative intermediate
CrF,(OH)," did not surpass the noise level in the kinetic
investigation, while the signals for its supposed Cr—F bond
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hydrolysis products CrF(OH);* and Cr(OH),* did so; the
latter species is a terminal product of the reaction sequence.
The failure to observe CrF,(OH)," turns the kinetic ana-
lysis into a nontrivial problem as is discussed as follows: (i)
There is no single source for the protons transferred to
water. If proton transfer from both CrF;(OH)* and the
formal Cr'V species CrF,(OH)" (see the CrF;" section
above) to water was allowed, it would be rather arbitrary
to rule out a similar reaction for the formal CrV species
CrF,(OH),* and CrF(OH);*. Whilst an F/OH ligand ex-
change reduces the electron deficiency at the chromium
centre, the influence of this exchange on the OH proton
acidity is not necessarily large. In contrast, the mere exist-
ence of two or even three OH groups in CrF,(OH),™ or
CrF(OH);™, respectively, compared with one in CrF;(OH)™
may, on statistical grounds, even increase the rate of proton
transfer to water. On the other hand, proton abstraction
from Cr(OH),* could be ruled out because the latter ion
was found to be a terminal product of the reaction se-
quences. Thus, a gradual decrease in proton transfer relative
to further Cr—F bond hydrolysis is likely. The overall pic-
ture is that for CrF,(OH),,*, the acidity of the OH protons
increases with »n but decreases with m. However, it is im-
possible to establish the particular step sizes of that de-
crease a priori. (i) If CrF,(OH), " could have been observed
in the kinetic study, the distribution between proton ab-
straction and further Cr—F bond hydrolysis could be deter-
mined on the basis of the evolution of the ion concentra-
tions over time. However, as CrF,(OH)," had to be re-
garded as a reactive intermediate formed in very low steady-
state concentrations, any distribution ratio could occur be-
tween the two reaction pathways. If proton abstraction
from CrF5;(OH)" is favoured, then proton abstraction for
CrF,(OH)," is not favoured, and vice versa. Similarly, if
proton abstraction from CrF,(OH)," is favoured, then pro-
ton abstraction for CrF(OH);™" is not favoured, and again,
vice versa.

The kinetic analysis was made easier by the following: (i)
CrF,O" was found to be a terminal product of the reaction
system. In addition, the cations CrFO(OH)" and
CrO(OH), " were not observed. Consequently, the reaction
sequence CrF,;* — CrF,O" — Cr(OH),* can be ruled out.
(if) While the CrF,>(OH)," ion, which is not observed, is to
be considered as a reactive intermediate, its consumption
by one or more reactions with water cannot be faster than
the collision rate. (iii) The very same argument applies to
CrF(OH);™"; regardless of its actual rate of formation, the
cation cannot be consumed at a reaction rate exceeding the
collision limit. (iv) In turn, the temporal evolutions of
CrF(OH);™", and especially Cr(OH),", set upper limits to
the reaction rates in question.

However, one cannot determine without additional ex-
periments (namely exposing isolated intermediates to water
or double-resonance experiments) the extent to which
H;0" is formed from CrF;(OH)", CrF,(OH),", and per-
haps CrF(OH);". In parallel, the fraction of CrF;(OH)"
which yields CrF,>(OH)," remains unknown as do the frac-
tions of CrF,(OH)," and CrF(OH);*, which yield
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CrF(OH);" and Cr(OH), ", respectively. However, these ad-
ditional experiments would be adversely affected by the un-
favourable signal-to-noise ratios already hampering the pre-
sent investigations. As a consequence, isolation of interme-
diates was not attempted, and we ceased the investigation
and determined only the rate constants reported in Fig-
ure 1.

Relative Reaction Rates of Hydrolysis

Remarkably, the reaction rate of the first Cr—F bond hy-
drolysis (see Figure 1) increases by about one order of mag-
nitude from CrF* to CrF,*. While the rates of the first
hydrolysis reactions are similar for CrF," and CrF;*, a
subsequent decrease by about one order of magnitude is
observed when going from CrF;* to CrF,*. We think that
the interplay of the effective charge on the chromium centre,
the steric hindrance exerted by the increasing number of
fluorine atoms attached to the metal centre, and the “sur-
face charge” (originating from the high electron density on
the fluorine atoms constituting the ligand sphere of the
chromium cation) of the different CrF," cations provides
an appropriate explanation for the observed differences in
the rate constants.We will discuss this interplay in more de-
tail: (i) The increased rate of hydrolysis of CrF,* compared
with CrF* can be explained by the threefold influence of
the higher effective charge on the chromium centre on in-
creasing fluorination. First, the formation of the collision
complex between the ion and the polar water molecule
should be much more facile. Secondly, the resulting colli-
sion complex should possess a longer life-time due to the
larger ion-dipole interaction. Finally, assuming a four-
centre transition state, the increased effective charge at the
chromium centre can be assumed to favour the actual
Cr—OH bond formation/HF abstraction from the collision
complex. (i) While all arguments mentioned above hold
true for the change from CrF," to CrF;" as well, the in-
crease in the rate constant is much less pronounced. Steric
hindrance exerted by the three fluorine atoms attached to
the chromium cation can be assumed to slow down the
formation of the initial collision complex, irrespective of
whether CrF;" keeps the trigonal-planar structure of neut-
ral CrF; (Cr—F bond length 1.732 A2°21) or not. (iii) We
suppose that the formal CrY species CrF," more or less
keeps the tetrahedral structure of neutral CrF, (Cr—F bond
length 1.704 A21-22)) since the formal Cr¥ species CrF;0
forms a trigonal-pyramidal structure, i.e. a slightly distorted
tetrahedral structure.?!! Thus, the outer-sphere of the
CrF," ion is assumed to be dominated by four electron-
rich fluorine atoms, such that formation of the collision
complex with water proceeds rather slowly while the actual
hydrolysis reaction should proceed at a rate similar to that
for CrF," and CrF;*. Accordingly, we conclude that the
retardation of the hydrolysis of the “inert” CrF,* cation is
not due to the actual F/OH exchange but to the formation
of the initial collision complex.

In the preceding discussion, the focus was placed on the
structural properties of the chromium fluoride cations.
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However, spin restrictions!?3! discussed in more detail in the
Thermochemistry Section below may contribute to the hy-
drolysis rate differences as well. For example, hydrolysis of
a Cr—F bond in CrF,* allows for the above-mentioned de-
localisation of the positive charge of the reaction product.
This delocalisation, in turn, might allow for a spin inversion
on the chromium centre, thus giving rise to a considerable
reaction barrier. However, the results of quantum-chemical
calculations would be needed to discuss this point in more
detail.

Reactions with Nitrous Oxide

The observation of several oxochromium fluoride cations
during the hydrolysis reactions reported above prompted
our interest in looking for a more facile way of generating
them. Our results are described below.

Initial Experiments

When a mixture of chromium and chromium fluoride
monocations CrF," (n = 0—4) was subjected to an oxygen
pressure of 1.0-1078 mbar for a period of 24 s, at least 95%
of the total ion intensity was due to the cations CrF,* (n =
0—4) and their hydrolysis and/or charge-transfer products.
Oxochromium fluorides and ions originating from them in-
cluded CrFO™ (max. 1%), its supposed hydrolysis product
CrO(OH)* (max. 2%), CrF;0" (max. 1%), and the possible
hydrolysis product of CrF,O", CrO(OH)," (max. 1%).
Therefore, O, deemed inappropriate and was replaced by
N,O as a putatively more suitable oxidant. From a thermo-
chemical point of view, the latter should be a much better
oxygen-atom donor, irrespective of the substrate present
[see Equations (5) and (6)].

(@) - O + O AH® 305 = 119.2 keal mol™ ') %)

NO > N2 + O AdH 205 = 40.0 keal mol™ 7 (6)

In a second initial experiment, subjecting a mixture of
chromium and chromium fluoride monocations to nitrous
oxide pressures of 2.0:-10~8 mbar and 5.0-10~7 mbar for 32 s
allowed for the detection of substantial amounts of
CrF;0". In addition, both NO*, NF,O" >4 and small
amounts of CrO(OH)* (probably from CrFO™),
CrFN,O,", and CrF,N,O," were detected.

Reactions of Mass-Selected lons

(i) Based on the already observed inertness of ground-
state (°S) bare chromium cations towards nitrous oxidel?>-2¢]
and the outcome of the initial experiments, no further at-
tempts were undertaken to generate CrO™. (ii) In the reac-
tion of isolated CrF* and N,O, the desired species CrFO™"
could not be detected, whereas Cr(OH)* formed by hydro-
lysis with background water dominated the product ion
spectrum. Traces of H;O™ and NO* (not surmounting 3%
of the total ion concentration) were attributed to the pres-
ence of excited CrF* cations. (iii) When isolated CrF,* was
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exposed to N,O, CrF,O" was formed with a reaction effici-
ency of @ = 0.16%, and the abundance of the ion was not
more than 2% of the total ion concentration. Besides hydro-
lysis products and NO™ (not exceeding 1% of the total ion
concentration), the intermediate N,O* and the final prod-
uct H;O™, accounting for 2% of the total ion concentration,
were detected (see the Thermochemistry Section below for
discussion). Due to the low abundance of CrF,O", isola-
tion of this cation was not attempted. (iv) When isolated
CrF;" was subjected to N,O pressure of 1.0-10~® mbar for
a period of 20 s, CrF;0™" was formed with a reaction rate
of (7= 1) 107" cm?® molecules ! s™! (¢ = 9 * 1%), regard-
less of whether CrF;™ was generated from Cr* by NF3/Ar
or pure NF3 pulses. Note that the small error bars reported
here are based on good agreement between two experi-
ments, whereas the systematic error introduced by the pres-
sure measurement (see the Exp. Sect.) has not yet been con-
sidered. The only other oxofluoride species observed was
CrFN,O,™", which accounted for 3% of the total ion con-
centration. One might suppose CrFN,O," to be generated
by addition of N,O to CrFO™, which, in turn, is generated
from CrF;* by a single Cr—F bond hydrolysis and sub-
sequent HF abstraction (see above). However, double-res-
onance experiments revealed that CrFN,O," is formed
from CrF,(OH)" exclusively, and not at all from CrFO™.
Consequently, the generation of CrFN,O," from
CrF,(OH)™" is attributed to the water-assisted rearrange-
ment of CrF,(OH)* into (HF)CrFO™, and subsequent HF/
N,O ligand exchange to yield (N,O)CrFO™. Note that li-
gand-mediated H—F bond formation and subsequent li-
gand loss have already been referred to in the above discus-
sion of the formal reactions CrF,(OH)* — CrFO* + HF
and CrF;(OH)" — CrF,O" + HF. As N,O is a weakly
bound ligand,?” subsequent ligand exchange with back-
ground water yields (H,O)CrFO™. Supposedly, the latter
rearranges, probably assisted by a neutral water molecule in
a reaction sequence similar to that in Figure 2, to its isomer
CrF(OH),", which finally undergoes hydrolysis of the re-
maining Cr—F bond to yield Cr(OH);*. Rate constants for
both the formation and consumption of CrFN,O,* could
not be determined due to the low signal-to-noise ratio of
the ion. With regard to Cr—F bond hydrolysis of the ob-
served species, CrF;0* was found to be remarkably inert
towards water, but the reaction of its predecessor ion CrF;™
with background water was found to be fast and hence lim-
ited the yield of CrF;0* to a maximum of about 15% of
the total ion concentration. (v) In order to achieve a good
signal-to-noise ratio, CrF,* was not mass-selected. When a
mixture of CrF,* (23%) and the noninterfering CrF;0"
(77%) was subjected to N,O pressure of 1.0-10~¢ mbar for
8 s, CrF4,O™" could not be detected. This result is in agree-
ment with chemical intuition which suggests that it is un-
likely that oxidation of the formal CrV species CrF4" would
be observed since the reaction product CrF,O* would con-
stitute a formal Cr¥" cation, i.e. a hypervalent cation.

The reactions of mass-selected chromium and chromium
fluoride monocations with nitrous oxide are summarised in
Figure 3. As in Figure 1, possible but experimentally not
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+N,0, - N,

Crt [CrO™]
n.r.
+N,0O, - N
CFt 2T [CrFOT]
n.r.
N,O, =N
orEf TN, oo
1.2-10712
(0.16 %)
4+ N,O, ~ N,
CrFy e = CrEOf
75101
(9.9 %)
+ N,O, ~N. )
SR L S (TR

n.r.

Figure 3. Reactions of CrF,* (n = 0—4) with nitrous oxide; for
discussion, see text; abbreviation: n.r. = “no reactivity”’ indicating
a reaction efficiency ¢ < 0.05%

observed oxidation products are given in square brackets,
and both reaction rate constants and reaction efficiencies @
(values in parentheses) are given as defined in the Exp.
Sect.

Gas-Phase Generation of CrF;0*

While the absence of efficient oxygen transfer to chro-
mium and chromium fluoride monocations CrF," (n =
0—2, 4) limited the present study to CrF;™, it simplified the
experiments to a great extent. In contrast to requiring the
use of two pulse valves, isolating a hydrolysis-sensitive inter-
mediate, and optimising gas pressures and pulse lengths for
two pulse valves,?l good CrF;O" intensities could be
achieved by optimising the generation of CrF;* from bare
Cr* and pulsed-in NFj3, and then adding N,O to the pulse
valve already filled with NF;. Subsequent optimisation of
the length of the combined NF;/N,O pulse was not neces-
sary; furthermore, isolation of CrF;O" did not impose
any problems.

Ionisation Energy

Chromium fluorides show a strong correlation between
the number of electron-withdrawing fluorine atoms con-
nected to the metal centre and the respective ionisation en-
ergies (see Table 1). However, the presence of doubly bon-
ded oxygen does not necessarily affect the /E. On one hand,
an oxygen ligand will withdraw electron density from the
metal centre, and on the other hand, it may even donate
electron density when the metal centre is already highly
electron-deficient. Consequently, we wanted to establish a
sound value for the yet unknown ionisation energy of
CrF;0. Exposures of CrF;0™" to ethylene [[E = 10.5¢€V,
charge-transfer (CT) reaction efficiency ¢ = 170%] and to
molecular oxygen (IE = 12.1 ¢V, CT reaction efficiency ¢
< 0.05%) provide lower and upper limits, respectively, for
the ionisation energy in question. The reaction with ethyl-
ene appears to proceed faster than the rate at which the
reactants collide according to the capture theory.l?82]
While the agreement between rate constant determined by
experiment and by this theory is very good for electron-
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transfer processes between species of similar 7Es 3% some
pitfalls seem to exist when describing outer-sphere electron
transfer between species with large [E differences. Most
probably, the cross-section is underestimated in the latter
case.

Unfortunately, a more precise determination of the ionis-
ation energy of CrF;0 was adversely affected by the follow-
ing facts: (i) For a large variety of readily available com-
pounds, e.g. alkanes (C,Hg4, IE = 11.5eV; CsHg, IE =
11.0 eV),['"! haloalkanes (CH5Cl, IE = 11.2¢eV; CH,Cl,,
IE = 113 ¢V; CH,CIF, IE = 11.7¢V),l'"M and SiH, (IE =
11.6 eV),l'71 dissociative ionisation is preferred and the
yields of stable radical cations on removal of an electron
are rather poor. (ii) The readily available cyano-substituted
ethylenes, which yield stable radical cations (acrylonitrile,
IE = 10.9 eV; both 1,2-dicyanoethylenes, /E = 11.2¢V; 1,1-
dicyanoethylene, /E = 11.4¢V; tricyanoethylene, /E =
11.6 eV; tetracyanoethylene, /E = 11.7 V), are either dif-
ficult to handle or are insufficiently volatile to be employed
in an FT-ICR experiment. (iii) Hexafluoroacetone (IE =
11.6 eV), which forms a stable radical cation and is suffi-
ciently volatile undergoes o cleavage instead of charge-
transfer when reacting with CrF;O*. Thus, for the deter-
mination of the /E of CrF;0, the use of the “bracketing
method”, while relying largely on only one charge-transfer
reaction [namely CrF;0* + COS (IE = 11.2 eV) — CrF;0
+ COS™; reaction efficiency ¢ = 80%)], deemed not indic-
ated. Consequently, we correlated the efficiency of the pre-
sumably barrier-free reaction to the ionisation energy differ-
ence, [*?] thus estimating the ionisation energy of CrF;O to
be 11.3eV = 0.2¢eV (rounded up, and the error bar was
based on the reaction rate uncertainty mentioned in the
Exp. Sect.). Interestingly, this value is considerably lower
than the ionisation energies of CrF,0,, as well as of CrF,,
and even slightly lower than the ionisation energy of the
oxygen-free species CrF; (though within the experimental
error margins, Table 1). Two reasons can account for the
similarity of the ionisation energies of CrF; and CrF;0. (i)
In the formal Cr'"' species CrF;, the central chromium
atom is already highly electron-deficient which disfavours
additional electron withdrawal. (ii) Oxygen is not as electro-
negative as fluorine, thus it does not necessarily withdraw
electron density from the chromium atom; in contrast,
doubly bound oxygen may even donate electron density to
the electron-deficient metal centre. However, in order to ac-
count for the influence of a Cr=0 double bond on the
ionisation energy quantitatively, the ionisation energies of
CrF,O (n = 1, 2) are needed as well.

Reactions

As CrF;* is relatively easily oxidised to CrF;O0", we
wondered if that property of the system could be employed
in a catalytic oxidation cycle. First, we were interested in
the oxidation of small alkanes. Kang and Beauchamp!?’l
found CrO™* to selectively oxidise alkanes except methane.
While the higher valency of the metal in CrF;0" may help
to fulfil this task, no reactions with methane were observed.
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Table 1. Ionisation energies (/E) of CrF;0 and other species of
interest!?l

Species IE (eV) Ref.
C,H, 105 (171
Cos 11.2 b7l
CF,COCF, 11.6+0.1 Ul
0, 12.1 171
H,0 12.6 (171
N,O 12.9 (7]
Cr 6.8 (7l
CrF 8.4x03 U7
CrF, 10.1+03 07
CrF, 11.5+04
CrF, 123+03 1
CrO 7.9 (a7
Cr0, 10305 07
9.7+02 sl
CrO;, 11.6 +£0.5 07
CrF,0, 12.9 B
CrF;0 11.3 4+ 0.2 this work

[a] Values and error bars are rounded off to multiples of 0.1 eV;
error bars are not given when they are less than 0.1 eV. [ OCrO.

In contrast, replacing methane by ethane caused the formal
transfer of a hydride anion from the hydrocarbon to
CrF;0™; products indicative of the cleavage of the Cr—O
bond were not observed. One might argue that unsaturated
hydrocarbons like toluene or buta-1,3-diene could be suit-
able substrates for oxidation. While this might be perfectly
true, it seems unlikely that CrF;0" would transfer oxygen
to them, rather than abstract hydride anions or capture
electrons from the m-systems, simply because the /Es of
these substrates are considerably lower than the /E of
CrF;0™". The failure to transfer oxygen atoms to organic
substrates has already been observed for other transition-
metal complexes of higher oxidation states. For example,
both MoO;* and MoS;* show exclusive electron capture
and hydride abstraction from toluene,** and for the PtO, "/
ethane system, electron and hydride anion transfer domin-
ate the reactivity (40% and 15% of the reaction products,
respectively).[33 Further, OsO,,* (n = 3, 4) exclusively ab-
stracts one or two hydrogen atoms from methane, ethane,
and propane.’®l From these previous and our present re-
sults, we inferred that CrF;0™" would also abstract hydride
anions from higher alkanes, but is not suited for selectively
oxidising them. Thus, we ceased this particular investigation
and addressed the oxidation of carbon monoxide. Again,
we were not successful: Carbon monoxide does not react
with CrF;0%. A summary of the investigated reactions is
given in Table 2.
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Table 2. Reactions of CrF;0* investigated in this study! [®1 [l [d]

[E determination
CrF,0* + C,H, (IE =10.5eV)
+ COS (IE=11.2eV)
+ CF0Y (IE=116¢V)

(

+ 0, IE=121eV)

Potential applications

CrF3O+ + CHy
+ GHy
+ CO

0%, [CrF, 0]+ GH]
807% [CrF,,0] + Cost
— %, [CrF,CO]  + GCF0%
nr

nr.

0% [CtF,OH] + CH{
4% [CtF,OH,] + C,Hf
nr.

[al Reaction efficiencies ¢ are given as defined in the text. ! For reaction efficiencies @ apparently greater than unity, see text. [l n.d.
reaction efficiency ¢ not determined because the observed reaction is unsuited to determine the ionisation energy of CrF;O. [ n.r.

“no reactivity” indicating a reaction efficiency @ < 0.05%. [¢) Hexafluoroacetone.

Thermochemistry

Finally, we address the investigated reactions from a ther-
mochemical point of view. Unless otherwise noted, two as-
sumptions shall be made throughout this section: (i) The
reactants are properly thermalised and (ii) severe kinetic
barriers or spin restrictions®¥ do not exist. Assumption (i)
allows for the exclusion of endothermic reactions while as-
sumption (ii) limits the reasons for a reaction’s nonoccur-
rence to endothermicity (or the existence of at least one
other, more exothermic reaction channel). As a con-
sequence, the mere occurrence or absence of a reaction al-
lows for establishing a A/°7 limit for one of the species
involved, provided the standard heats of formation of all
other species are known. To be more precise, the occurrence
of a reaction at a temperature 7" allows for establishing a
lower limit of a reactant’s AH°7 value or an upper limit of
a product’s A/H°; value, whereas the absence of a reaction
allows for establishing an upper limit of a reactant’s A H°r
value or a lower limit of a product’s A/4° value. Maximum
A/H°p values of reaction products can be utilised in follow-
up reactions. Unfortunately, that does not hold true for
minimum A/H° values which makes an “inherited” brack-
eting impossible. However, the procedure is straightforward,
and the limits are derived in Table 3 and presented together
with those of their neutral counterparts in Table 4. From
the heats of formation bond dissociation energies (BDESs)
may be calculated in a straightforward manner. However,
we do not report BDEs in this work because A 1° limits
allow for deriving bond-dissociation energy /imits only,
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whereas other experimental techniques are available to de-
termine the actual values.

Chromium Fluoride Hydrolysis Products

For Cr(OH)", a double upper limit of A:H®yg can be
derived (Table 3, Entries 1 and 2). While both results agree
with each other and the literature value [(185.8 = 3.0) kcal
mol ™73 their significance is low. Further, the smaller
error bar of the higher value does not provide an advantage.
A lower limit for AH®5og[Cr(OH)*] cannot be derived on
the basis of the reactions investigated here. Similar argu-
ments apply to AH%s[CrF(OH)*] (Table 3, Entries 3 and
4) and to AH0s[Cr(OH),*] (Table 3, Entries 5 and 6).
However, for CrF(OH)", the A/H°9g limit obtained from
the absence of proton transfer is more precise from the
point of both its error bar and value, and for Cr(OH),™,
the difference between the two values is less pronounced
and mostly due to the decrease in the size of the error bar.

For the hydrolysis of CrF5;* and its follow-up products,
deriving the maximum A/1°,9g values for the hydrolysis
products (Table 3, Entries 7, 9, and 10) is straightforward.
Based on the observed proton transfer from CrF,(OH)" to
H,O (Table 3, Entry 8), a lower limit for the heat of forma-
tion of the reactant ion can be determined for the first time
in this study. In turn, the failure to observe proton transfer
from both CrF(OH)," and Cr(OH);" (Table 3, Entry 11)
to H,O allows, in principle, for re-evaluating maximum
A/H°59g values for these cations but fails, in practice, for
CrF(OH)," because the standard heat of formation of the
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Table 3. Reactions investigated in this study and thermochemical data derived® [!

Reaction!®

Limit(s) Derived for Boldface Species

(1) CrF* + H,0 — CrOW* +
(2) CrlOH)* + H,0 -% CrO +
(3) CrFf + H,0 — CrFOHM* +
4) CFOHW* + H,0 —x CfFO +
(5) CrF(OH)* + H,0 - CrOH); +
(6) CrOH)} + H,0 —-% CrOOH) +
(7) CrF} + H,0 - CrF,(OH)* +
(8) CrF,(OM* + H,0 — CrF,0 +
(9) CrF,(OH)* + H,0 — CrF(OH)} +
(10) CrFOH)f + H,0 -— CrOH)}} +
(11) CrOon)} + H,0 -x CrOOH), +
(12) CrF,(OH)* —  CrFO* +
(13) CrFO* + H,0 — CrO(OH* +
(14) CrO(OH)* + H,0 - Cro, +
(15) CrF} + H,0 — CrF,(O* +
(16) CrF;(OH)* + H,0 — CrF,0 +
(17) CrF;(OH)* + H,0 —» CrF,(OH)} +
(18) CrF,(OH)} + H,0 - CrFOH)} +
(19) CFOH)} + H,0 -— CrOH)} +
(200 Cr(OH); + H,0 -%» CrOOH), +
(21) CrF,(OH)* — CrF,0" +
(22) CrF* + N,O —% CrFO* +
(23) CrFf + N,O -x» CrF,0% +
(24) CrFj + N,0O — CrF,0* +

HF AHgye < 205.6 + 7.30
H,O0* AHSge <2424+ 1.6
HF AHS <137.0£7.5
H,0* AHSe < 125.5 £ 1.9
HF AHS,s <1443 £7.5
H,0* AHS < 139.8 + 1.20
HF AHgq < 727 £9.8
H,0* 455434 < AHg

HF AHS, < 80.0:£9.8
HF AHg < 87.3£9.8
H,0* AHSe < 668+ 4.8
HF AHS <137.849.8
HF AHS, < 145.1 + 9.8
H,0* AHze <1751 4£1.2
HF AHge < 20.9£7.2
H,0* —18.2+124 < AHS,

HF AHSe < 282472
HF AHgy < 35.5+7.2
HF AHSe < 42.8+7.2
H,0" AHZ < 9.8+ 1214
HF AHS < 86.0£7.2
N, 2179473 < AHg,

N, 1493 £ 75 < AHg,

N, AHS < 85.0£9.8

[al Unless otherwise noted, data in kcal mol~!. P! For discussion, especially of multiple and/or seemingly contradicting entries, see text.
[l The table entries are numbered consecutively beginning with one. In order to avoid confusion with reactions given in the text, those
given in this table will be referred to as, e.g., “Table 3, Entry 17. [4 Value considered to be more reliable. For discussion, see text.

corresponding neutral oxochromium hydroxide CrFO(OH)
is unknown.

In addition, having established the upper limit for
AH®55[CrF5,(OH)*], the maximum standard heats of
formation for both CrFO™ and its hydrolysis product
CrO(OH)™" can be derived (Table 3, Entries 12 and 13, re-
spectively). However, these two limits should be used with
care: all reactions discussed so far involved the same num-
ber of reactants and products thus allowing, by and large,
for the neglecting of entropic terms. With the number of
molecules changing in the course of the HF abstraction re-
action (Table 3, Entry 12), this does not apply any longer,
and uncertainties in the range of several kcal mol~!' may be
introduced by neglecting entropic factors. The absence of
proton transfer from CrO(OH)" to water (Table 3, Entry
14) does not allow for deriving a more precise AgH59g limit
for that species.

The discussion of the CrF,*/H,O system essentially par-
allels that of the CrF;*/H,O system. The only remarkable
difference is the occurrence of a second proton transfer re-
action CrF,(OH),* + H,O — CrF,O(OH) + H;0" which
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would have allowed for the determination of another
minimum AHC505[CrF,(OH), "] value provided
A/H°595[CrF,O(OH)] had been known.

Oxidation by Nitrous Oxide

As mentioned above, CrO™ could not be generated from
Cr* and N,O, although the reaction is thermochemically
favourable. We attribute this to a considerable twofold reac-
tion (activation) barrier introduced by (i) the need to break
the 3d® configuration of the chromium cation and (ii) the
missing electronic correlation between reactants and prod-
ucts of the reaction, N,O (%) + Cr* (°S) = N, (1Z,") +
CrO* (*T1B8), already pointed out by Armentrout et al.[3]

We would like to discuss this absence of a thermochem-
ically favourable reaction in more detail. From the point of
the experimentalist, assuring proper thermalisation of the
reactants is a mere question of careful experimental set-up.
Thus, a “false positive” (a reaction occurring despite its en-
dothermicity) can be prevented. In contrast, activation bar-
riers and spin restrictions are intrinsic properties of the sys-
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Table 4. Heats of formation of chromium fluoride cations and
other species of interestl 1 []

Species Afﬂ‘z’98 (Neutral) A¢HZ,q (Mono-cation)

Cr 94.8 1171 250.8 (171

CrF 16+24 L1 1983+ 7.3 Lzl

CrF, ~1032+30 [ 1297+ 7.5 (72l

CrF, ~199.8 +34 [ 65.4+98 2l

CrF, ~2700+21 LU 136472 Q2

Cro 43.6+1.6 7] 258+1.6 (72100

Cro, 237412 &) 2138+ 116 720l

209 +12  [esllel

CrO, 773410 &7 1902 + 116 11720l

CrFO -733+19 [ <1378+ 9.8

CrF,0 ~153.3+34 (2 <86.0+72

C1F,0 -217.0+ 124 1 43.6 + 13.2

CrF,0 ~262.5+89 U

Cr(OH) 189+18 67 185.8+3.0 N73nM
< 205.6 7.3

Cr(OH), ~76.9+12 167] <1398+ 1.2

Cr(OH), ~150.9 + 2.4  [67] < 66.8+ 4.8

Cr(OH), —207.6+2.4 6] <98+ 12

Cr(OH), ~259.9+ 48 (67

Cr(OH), -305 +12 67

CrO(OH) -59.0+ 12 167 < 1451+ 9.8

CrO(OH), ~132.0+4.8 [¢7]

CrO(OH), ~-189 +12 7]

CrOOH), -242 +12 [

CrF(OH) <1255+ 1.9

CrF(OH), < 80.0£9.8

CrF(OH), <355+7.2

CrF,(OH) see Table 3

CrF,(OH), <282+72

CrF,(OH) see Table 3

N,O 19.6 (7]

0 59.6 (71 373.6 (27]

OH 93+03 17 309.1 (17]

H,0 -57.8 w72l 2330 (7]

H,0 141 i

HF —65.140.2 b7zl

[al All data in kcal mol~!. ) This work unless otherwise noted.
[l We report only “best values” here. For data evaluation, see the
limits reported in Table 3 and the discussion in the text. [ Calcu-
lated from the heat of formation!! and the ionisation energy.!'-!7]
[l Calculated from the heat of formation?!! and the ionisation
energy.l'l 1 Calculated from the heat of formation!' and the ionis-
ation energy.l'’1 (&1 OCrO. " Calculated from the heats of formation
of Cr* and OHI!'”! and the bond dissociation energy (BDE) of
Cr*—OH.B7

tem and cannot be circumvented by any experimental con-
dition. Thus, a “false negative” (a reaction not occurring
despite its exothermicity) cannot be detected without an in-
dependent determination of the thermochemical data.
Finally, one more point regarding oxidation by nitrous
oxide shall be discussed here. Due to an orbital reorganis-
ation,™! linear N>O needs to get bent in order to facilitate
oxygen-atom transfer onto its reaction partner.[!421
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The failure to generate CrFO™ from CrF* and N,O can
be explained by the following. (i) The oxidation reaction is
endothermic corresponding to AH95(CrFO™) > 217.9 *
7.3 kcal mol ™! (Table 3, Entry 22). However, this limit con-
tradicts that derived from the decomposition of
CrF5(OH)*, A/H®5(CrFO™) < 137.8 + 9.8 kcal mol™!
(Table 3, Entry 12), and this explanation cannot hold true.
(i) CrFO™, once formed, is readily oxidised to yield
CrFO,*. However, as the formal CrV! species CrFO," was
not observed, it would have to be a fast-reacting interme-
diate, thus posing the question of its reaction partners and
the resulting products. While traces of H;0" and NO* were
detected, the direct formation of H;O" from CrFO* and
background water is impossible, and the transfer of the ni-
tride anion from N,O appears rather unlikely. In parallel,
hydride anion abstraction from H,O would yield HO",
which cannot be observed by our mass spectrometer (thus
allowing for both facile formation and consumption of
CrFO,"). However, the formation of HO™" is highly un-
likely on thermochemical grounds. Hence, this second ex-
planation is excluded as well. (iii) The above-mentioned
spin-inversion phenomena prevent the reaction from pro-
ceeding, i.e. assumption (ii) introduced in the first para-
graph of this section does not apply. In this particular case,
however, an upper limit for AH%95(CrFO™) could be de-
rived independently from a reaction that does take place
(Table 3, Entry 12), thus allowing for the ruling out of an
erroneous AH°,95(CrFO™) limit derivation (Table 3, Entry
22).

While CrF>O™ could be obtained in traces, it was imposs-
ible to isolate it from the mixture of hydrolysis products,
which included traces of NO™, the intermediate N,O" and
the final product H;O*. For a discussion, we apply the
three-item scheme already utilised for CrFO™*: (i) Endo-
thermicity of the reaction (Table 3, Entry 23) can be ruled
out (Table 3, Entry 21). (ii) Facile oxidation of CrF,O" by
N,O would yield CrF,0,", i, a formal Cr¥!l species,
which could explain the observation of N,O* and H;0™"
when CrF*, is exposed to N,O according to
Equations (7)—(11). Furthermore, it should be noted that
CrF,0,%* has been generated and its IE value deter-
mined.[3]

CrF, + N,O — CrF,0" + N, 7
CrF,O0" + N,O — CrF,0," + N, (8)
CrF,0," + N,O — CrF,0," + N,O* )
N,O* + H,0 — N,O + H,0* (10)
H,O0* + H,0— H;0" + OH (11)

While the generation of H;O" from N,O™ via H,O™" is
consistent with established thermochemical data (Table 4),
and its temporal evolution appeared to be properly mod-
elled, the temporal evolution of N,O™ could not be repro-
duced on the basis of Equations (7)—(11). Furthermore, the
value of k;; obtained by modelling was about two orders
of magnitude smaller than the literature value.**! Con-
sequently, the generation of N,O™ was attributed to a par-
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ent ion or ions activated during the mass selection of
CrF,", and the formation of the formal Cr¥™ species
CrF,0,"* from properly thermalised precursors was ruled
out. (iii) As in CrF*, the spin-inversion problem is a prime
candidate for preventing the oxidation reaction of CrF,™.

In contrast to the CrF,* cations discussed so far, CrF;"
reacts with N»O to give CrF;07 in good yields. Hence, an
upper limit of AH°5(CrF307") can be derived (Table 3,
Entry 24). On combination with the ionisation energy of
the corresponding neutral species (see Table 1), an upper
limit of AH®595(CrF;0) < —177.9 kcal mol ™! is obtained.
Basically, our value is in agreement with literature data;?"!
however, it is about 40 kcal mol~! too large. Thus, the
inverted procedure, i.e. combining the literature value of
AH°,94(CrF50) with the /E determined in this study, pro-
vides a reasonable value for AH®95(CrF;07) as given in
Table 4.

Another conclusion is that the spin conservation require-
ment no longer hampers the transfer of the oxygen atom to
the chromium fluoride cation. This could be explained by
the fact that as the oxidation state of the chromium centre
increases, the spin-orbit coupling increases, thus enabling a
more facile intersystem crossing (spin inversion) and, con-
sequently, a lower reaction barrier. This explanation may
also account for the trend in the oxidation efficiencies from
Cr* and CrF* (no reactivity observed) via CrF," (traces
of CrF,O™" generated) to CrF;* (facile reaction), which
parallels, at least qualitatively, the increasing formal oxida-
tion state of the chromium centre.

Conclusion

In this study, we have investigated the reactions of chro-
mium and chromium fluoride monocations CrF,* (n =
0—4) with water. Besides slow condensation, Cr* is unre-
active, whereas progressive hydrolysis of the Cr—F bonds
proceeds for CrF*, CrF,", CrF;*, and CrF,*. However,
for the species CrF,(OH)*, efficient proton abstraction par-
allels the hydrolysis of the next Cr—F bond, and in the case
of CrF;(OH)™, that proton transfer is even preferred over
further Cr—F bond hydrolysis.

Furthermore, we have investigated the reactions of chro-
mium and chromium fluoride monocations with the estab-
lished oxygen-transferring agent nitrous oxide. Significant
transfer of oxygen was observed for CrF;* only. The ionis-
ation energy of CrF;0 is 11.3 £ 0.2 eV. Attempts to trans-
fer the oxygen atom from CrF;O™" to small alkanes or to
carbon monoxide failed.

Experimental Section

Reactants: Nitrogen trifluoride (Praxair, 99.99%), nitrous oxide
(Linde, 99.5%), argon (AGA Gas, 99.996%), and solid chromium
(Balzers, > 99.9%) were used as purchased. Tap water was used
without further purification. The water was put into a half-micro
test tube directly connected to the gas-inlet system of the mass
spectrometer and degassed by two freeze-evacuate-thaw cycles.
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Hexafluoroacetone, C3F40O, was liberated from its sesquihydrate
(Merck-Schuchardt, > 97%) by reaction with phosphoric anhyd-
ride, P4O o, in analogy to literature procedures.*>~471 The dehydra-
tion reaction was carried out in a half-micro test tube directly con-
nected to a leak valve of the mass spectrometer. Due to the differ-
ences between the boiling points of hexafluoroacetone (—28 °C/
Po)*9 and its water-containing hydrate (55—56 °C/107 mbar),*8! we
assumed the dehydration process to be complete in the sense that
no hexafluoroacetone hydrate was admitted into the reaction cell
from the leak valve. However, the admission of water itself to the
reaction cell could not be prevented in this “on-line” preparation
of hexafluoroacetone. All reactant gases not mentioned so far were
purchased from Linde and used without further purification.

Mass Spectrometer: All experiments were performed with a Bruker
Spectrospin CMS-47X Fourier transform ion-cyclotron resonance
(FT-ICR) mass spectrometer. The setup and operation have been
described previously.*>>% In brief, chromium monocations were
generated from targets of pure chromium by laser desorption/laser
ionisation'-3?! in the external ion source of the spectrometer using
an Nd:YAG laser (Spectron Systems, Ay, = 1064 nm). The chro-
mium ions were extracted from the source and transferred into the
analyser cell via a system of electrostatic potentials. Next, the most
abundant isotope 3>Cr (relative abundance 83.8%!53) was mass-se-
lected using FERETS,®¥ a computer-controlled ion-gjection proto-
col that combines frequency sweeps and single-frequency pulses to
optimise resonant excitation and ejection of all unwanted ions.
After mass-selection, >2Cr" cations were allowed to react with
pulsed-in reactant gas mixtures as described below.

Reactions with Water: After mass-selection, >>Cr* ions were ex-
posed to pulsed-in nitrogen trifluoride/argon mixtures. Both the
composition of the gas mixture and the length of the gas pulse were
adjusted to maximise the yield of the desired chromium fluoride
cation, CrF,* (n = 1—4). Subsequently, the ion of interest was
mass-selected using FERETS. Electronically excited Cr* ions,
which are known to be efficiently thermalised by collision with
methanel® rather than argon,[!l were allowed to multiply collide
with pulsed-in methane. In an additional series of experiments,
however, Cr* cations were allowed to react with water after mul-
tiple collisions with argon rather than with methane. CrF* ions
which are known to require thermalisation as wellll were allowed
to undergo multiple collisions with water and re-isolated using
FERETS. Thermalisation deemed unnecessary for CrF," (n =
2—4) due to the purely exponential decays of their intensities dur-
ing the reactions investigated. Water was admitted to the cell via
a leak valve at a constant pressure measured by a calibrated>®!
BALZERS IMG 070 ion gauge. The effective water pressures were
7.7-10~° mbar, 4.7-10~° mbar, 2.5:10~° mbar, and 7.7:10~° mbar
for CrF*, CrF,*, CrF;*, and CrF,", respectively. For Cr*, the
pressure was in the range of 6.5:107° to 1.0-10~> mbar.

Reactions with Nitrous Oxide: After mass selection, >>Cr* ions were
exposed to pulsed-in nitrogen trifluoride/argon or nitrogen trifluor-
ide/nitrous oxide mixtures, respectively. Both the composition of
the gas mixtures and the length of the gas pulse were adjusted to
maximise the yield of the desired chromium fluoride cation, CrF,*
(n = 1—4), or oxochromium fluoride cation, CrF, 0" (n = 1—4).
The ion of interest was isolated using FERETS. Reactant gases
were admitted to the cell via a leak valve at a constant pressure in
the order of 1078 to 1077 mbar while the background pressure in
the analyser cell of the spectrometer was in the range of (2—4)-10~°
mbar. To generate the ions of interest, we employed, in that order,
(i) the established methodology of generating chromium fluoride
monocations using nitrogen trifluoride, NF;, as the fluorinating
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agentl!?l and (ii) the time-honoured use of nitrous oxide, N>O, for
the transfer of the oxygen atoms. The latter has been proven to
transfer oxygen to a wide variety of metal cations like Ti*,[3
V23 Fet 18251 7+ 251 Nb*, 25 Mo* 571 and U, ".58 1t was not
indicated to use the alternative approach of first generating chro-
mium oxide monocations, CrO™, and subsequently transferring flu-
orine atoms to them, due to the inefficient oxygen transfer to bare
chromium ions, Cr™,>3 which requires CrO™ to be generated from
CrO,Cl,.?3 CrF™ ions, which are known to need thermalisation, !
were allowed to multiply collide with nitrous oxide and re-isolated
using FERETS. All other ions CrF,* (n = 2—4) did not require
thermalisation as mentioned above.

Analysis of Experimental Results: Elemental compositions of ions
were determined by high-resolution mass spectrometry. Reaction
sequences were derived from the temporal evolution of ion intensit-
ies and complementary double-resonance experiments.*”! In a
double-resonance experiment, a supposed intermediate [e.g.,
S2CrF(OH)™*, m/z = 87.94165] is continuously ejected from the re-
action cell by employing a constant radio-frequency pulse for a
certain period of time. The resulting spectrum is compared with a
reference spectrum originating from the very same experimental
conditions, except that ejecting the supposed intermediate is re-
placed by “ejecting’” a nonexisting hypothetical ion (e.g., m/z =
500). The disappearance of the signal of a product ion indicates
that this ion originates, directly or indirectly, from the ejected one.
Reaction kinetics were analysed using a computer program that
determines rate constants and distribution ratios based on the ex-
perimentally observed evolution of ion intensities over time, and a
flexible kinetic model.[! The reported rate constants are measured
bimolecular rate constants given in units of cm? molecules™! s,
whereas reaction efficiencies ¢ are given as fractions of the meas-
ured bimolecular rate constants and the gas-kinetic collision rates
according to the capture theory.?®2°l The parameters used for H,O
were: dipole moment 1.854 D,[°!l polarisability 1.45-1072% cm?,[©1]
relative ion gauge sensitivity 0.97.121 The parameters used for N,O
were: dipole moment 0.161 D,[°!l polarisability 3.03-1072% ¢cm?3 1]
relative ion gauge sensitivity 1.20.1°%1 The absolute error of the ex-
perimentally determined rate constants is in the range of = 30%,
while the relative rates are more precise (= 10%).°¢1 However, for
reactions of CrF,* (n = 2—4) ions with H,O, the error is estimated
to be in the range of * 40% for the rate constants and = 15% for
their ratios due to the lower signal intensities. lonisation energies
can be determined by the “charge-transfer bracketing”” method de-
scribed in the following: In a series of experiments, the ion of inter-
est is allowed to react with neutral species of known ionisation
energies. Then, a synopsis of the ionisation energies of the reaction
partners and the experimentally observed presence or absence of
charge-transfer (CT) between the ion and the reaction partners al-
lows for an estimation of the ionisation energy. Alternatively, the
reaction efficiency ¢ of a charge-transfer reaction is correlated to
the ionisation energy difference between the ion and its reaction
partner: A,G = A.G° — RTInK with K = kcrlkieverse ¢ ket =
In(@/Prnax)> and kreverse cr = 1 — In(@/@pay).P?! Both methods rely
on the reasonable assumption that the activation barriers associ-
ated with the charge-transfer reactions are negligible. Heats of
formation A H° given in this publication, are in thermochemical
kilocalories (kcalg,) unless otherwise stated. When converting pub-
lished values given in kilojoules, a conversion factor of 1 caly, =
4.184 J1931 was applied. Ionisation energies (/E) are given in electron
volts (eV), the conversion factors are 1 eV = 96.48534 k] mol~! =
23.06055 kcal mol~ 1.4 On calculating ion heats of formation from
heats of formation and ionisation energies of the corresponding
neutral species, the “stationary electron” or “ion” convention!®3]
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was applied. To convert the data obtained at 298 K so that they
are consistent with the “thermal electron” or “electron” conven-
tion, the amount of 1.481 kcal mol~! needs to be added.[]
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