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Abstract

Some reactions of the Nb(V) anion NgChave been studied in the gas phase using Fourier transform ion cyclotron
resonance mass spectrometry. In most instances, this ion behaves as a closed shell species, however, reactions where botl
ion and neutral products were radicals were also observed. In these cases, the niobium was invariably reduced to a low
oxidation state. A value for the Nb3-H bond strength is proposed, based on the observed reaciNMpO; —H) = 103 =
9 kcal mol*. The reactions of Nb® with methanol and ethanol were also studied due to their relevance in catalytic processes.
For the Nb@ /CH;OH couple, the favoured pathway involves reduction of the parent ion to;NbQdihydroxyniobium(lll)
oxide, and concomitant liberation of formaldehyde in a single step dehydrogenation reaction. The dehydration pathway, whic
liberates the neutral 0, competes less efficiently with the oxidation/reduction pathway. The primary produciHyb@bes
not appear to react with methanol. In contrast, the dehydration pathway is kinetically favoured for ethanol, with liberation of
neutral ethene and formation of NP, observed. This reaction is extremely inefficieRt (/kapoo = 0.02). The primary
hydration product reacts even less efficiently with ethanol, in a two step process, ultimately resulting in formation of
NbO,C,Hg . Radio-frequency acceleration of NR@, results in regeneration of the parent ion. Overall, the results are in
agreement with the hypothesis that higher order Nb—O bonds are the catalytically active centres on Nb—O surfaces. (Int J Ma
Spectrom 197 (2000) 95-103) © 2000 Elsevier Science B.V.
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1. Introduction superconducting [2] properties of reduced- and
doped-NBO; crystalline phases. It is widely accepted
Although niobium has a lower terrestrial abun- that higher order niobium—oxygen bonds are princi-
dance than its lighter congener vanadium, and has nopally responsible for the catalytic activity of the solid
analogous biochemical significance, it is of consider- state oxides [3]. In order to investigate this property
able commercial interest due to both catalytic [1] and further at a molecular level, we have used laser
ablation to generate NbQ one of the smallest mo-
lecular subunits of solid Nl©s. This method has been
* Corresponding author. E-mail: phil jackson@www.chem.tu- Successfully utilised in the past to generate a variety
berlin.de of interesting cluster ions from involatile solids
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[4—6]. The conditions under which the ions are tioned in the bore of a 4.7 T superconducting magnet.
generated are not dissimilar to those maintained The sample was positioned (using the insertion arm)
during the chemical vapour deposition of thin films. flush in the centre of the trapping plate furthest from
To date, there have been only a few studies of the laser. A Spectra Physics Nd-YAG laser operating
gas-phase metal oxide species containing more thanat 1064 nm in the Q-switch mode (23@ pulse), with
one metal atom, and even fewer studies of gas phasea spot size focused to 0.3 mm diameter, was used to
metal oxide anions (for a review of gas phase metal generate the ions from the solid. Reagent gases were
anion chemistry, see [7]; for more specific articles |eaked in through a heated gas inlet system to pres-
consult [8-21]). In this article, we report experimental sures of approximately 1.0x 107 mbar. Cluster
results for the reactions of NROwith a number of  structures were probed via ion—molecule reaction
small molecules. Local density functional theory studies using a series of oxygen-containing molecules
has also been used to model the ground state of this(N,0, CH,OH, and CHCH,OH) and a sulfur-con
ion and calculate some thermochemical informa- tajning molecule (HS). Pressure correction factors of
tion. It is hoped that this work will shed some light 1 5 for N,O, 2.1 for H,S, 1.8 for CHOH, and 3.6 for
on the role of both saturated Nb(V) centres and CH4CH,OH [26], were used in the calculation of
Nb-O double bonds in specific bond activations, gccyrate reactant gas pressures for determination of
and provide complementary information t0 pub- gecond order rate constants. Some average dipole
lished extended x-ray absorption fine structure grientation (ADO) rate constants [27,28] were calcu-
(EXAFS) [22] and electron paramagnetic resonance |5teq where appropriate electric properties of the
(EPR) [23] results. neutral molecule were available, for the determination
of reaction efficiencies. The constants, which rep-
resent the degree of dipole locking in the ion field,
were set to 0.08, 0.24, and 0.20 foy® CH;OH, and
H,S, respectively. The dipole moments and polaris
ability volumes used in ADO calculations for,M,

The details of the direct laser vaporization (DLV)-
FTMS experiment used is described elsewhere [24]. €H:OH, and HS were 0.18 D, 1.71 D, and 0.97 D

The mechanisms of anion formation under these @nd 3.00 &, 323 A% and 3.66 R respectively
conditions are currently being investigated [25], and [29,30].

results suggest that molecular species, for which  The structure ofA; (Cs,) NbO; was investigated
electron affinity (EA)> 0, undergo resonant capture using the local spin density approximation (LSDA) as
of photoejected electrons that are trapped by the ion implemented in DMOL version 2.3.1 [31]. This im-
cyclotron resonance (ICR) fields. Some experimental plementation utilises a mixture of local exchange and
details are as follows: small amounts of solid®g  correlation as defined by the von Barth/Hedin [32]
(Aldrich) were pressed into small disks inside the and Hedin/Lundgvist functionals [33]. A double nu-
cavity of a stainless steel probe tip, which was merical basis set of 6-31G* quality was used, with the
subsequently attached to a stainless steel satellite androzen core approximation applied to the*43d*°
inserted into the ultrahigh vacuum (UHV) chamber of €lectrons of Nb, and thesf electrons of O. The
the Fourier transform ICR mass spectrometry thermochemical information provided at this level of
(FTICR-MS) using a solid insertion probe. A back- theory can certainly be used as upper bounds for bond
ground pressure of approximately T0mbar was strengths and electron affinities. Moreover, the struc-
maintained using a 330 L/s turbo molecular pump ture obtained from a calculation of this type should be
backed by a three phase rotary pump. A cylindrical of a reasonable quality, as Ng@ossesses 1& and
ICR cell (60 mm length by 30 mm radius) with the closed shell configuration should be the dominant
electrostatic trapping plates at either end, was posi- contributor to the ground-state wave function.

2. Experimental
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3. Results

At relatively low laser powers (0.5 MW cnf) it

was possible to generate useful quantities of the anion

of interest. At higher laser powers the overall yield of
NbO; decreased with respect to higher mass anion
clusters, which will be the subject of a future report
[34]. This result alone suggests Nb@ probably
produced via a direct desorption mechanism as
(NbO;) groups are prevalent on the oxide surface.
This radical then recombines with a trapped photo-
ejected electron in the ICR cell to yield NGO

Before we begin to discuss the ion—molecule
chemistry, it is pertinent to present the computational
results for Nb@. At the LSDA level of theory, the
optimised Nb—O bond lengths in th@,, anion are
1.800 A, and thez. O—-Nb-O bond angles 116 °. The

bond angles are close to the classical tetrahedral angle

of 109 ° but are slightly larger, which could be due to
a combination of O-O lone pair repulsions and the
absence of a ligand in the fourth coordination posi-
tion. The umbrella inversion motion requires a mere
400 cm **, which strongly suggests the ion is floppy
and incoming nucleophiles should not be significantly
hindered by oxygen repulsions. The energy required
to reduce Nb@ to NbQ, [formally Nb(lll)], also a
closed shell ion withC,, symmetry! is 184.8 kcal
mol~%, which seems to agree very well with the value
for D(Nb—0O) = 187 + 20 kcal mol * derived from
thermochemical data [35]. Before continuing, it
should be noted that this energy does not take into
account the fact that Nb—O bond fission from ground
state Nb@ to ground statéNbO, is spin forbidden,
which may dramatically increase this bond enetgy,

* The singletDg, isomer is a transition structure according to
LSDA (w;, = 136l cm %), r, = 1.808 A.

" Two stationary points were located for NpQand both were
found to be minima. The lowest energy of these was a singlet with
C,, symmetry,r(Nb—0) = 1.750 A, ~O-Nb—O= 104.3°, and
self-consistent field (SCF) binding energy of 417.3 kcal ™ol
zero point energy of 3.2 kcal miot. The first triplet state resides a
mere 4.9 kcal mol* above the singlet state(Nb—0) = 1.777 A,
/0O-Nb-O= 113.7°, SCF binding energy 412.3 kcal mol?,
zero point energy= 3.0 kcal mol'*.

* According to our calculationsAH, o(*NbO; — °NbO, +
30) = 190.0 kcal mor?, which is not a considerable increase in
endothermicity.
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hence comparisons of the computational value with
ion beam results will require a cautious approach. We
have also assumed that there are no extreme electronic
effects accompanying successive ligation of the metal
centre [36]. Nevertheless, we can assume that fission
reactions involving liberation of atomic oxygen
should be high energy processes and as such are
uncommon, but not altogether unfeasible, under ion-
molecule reaction conditions. Noting the low level of
the calculations and the well known tendency of the
LSDA to strengthen bonds, we adopt a value of
D(NbO, —0) = 175 + 10 kcal mol ™.

We have also calculated the adiabatic detachment
energy of Nb@ using LSDA, and the value obtained
(94.8 kcal mol?Y) is rather large, but consistent with
electron loss from a closed shell species with a high
chalcogenide:metal ratio. We adopt the value
EA(NbO,) = 85 + 10 kcal mol* for future refer-
ence.

The collision-induced dissociation (CID) spectrum
of NbO; in argon is presented in Fig. 1. The rf
irradiation time was 4@us. The delay before detection
corresponds to approximately one collision. The ma-
jor dissociation channel is loss of O, with a minor
peak corresponding to loss of dioxygen anion. Such a
fragmentation pattern is entirely consistent with the
ground state of NbQ, in which there is no O-O
bonding. The peak ain/z 70.5 is an artefact of the
Fourier transform process. As the irradiation time was
increased beyond 4@s, and thus the collision energy
was increased, a sharp decrease in the signal to noise
ratio was noted, suggesting electron detachment was
efficiently competing with bond fission. Although this
is also the case at lower energies, it is particularly
fortunate that good ion yields were obtained from
laser ablation, thereby enabling fission product detec-
tion. It is doubtful that useful collision induced
dissociation results would have been obtained for
lower ion concentrations.

No reactions were observed between Nbénd
either GHg or CO, so thatD(NbO,-0) > D(OC-

0) = 127.3 kcal mol'™. This result is in accord with
the theoretical value for this bond strength, if we
assume there are no spin barriers operative. The lack
of reactivity with benzene comes as a surprise con-
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Fig. 1. Collision induced dissociation spectrum of Np&fter approximately one collision, using argon as the collision gas. The rf-irradiation
time is 40us. The peak nearest the parent ion corresponds to loss of O.

sidering the fourth coordination position is available. H-abstraction products were not observed. The low
Moreover, theoretical studies of fO[16] suggest pressures maintained for this experiment also pre-
that NbQ; should be an extremely polar ion with a clude more complex termolecular processes taking
charge-depleted metal centre. While oxygen transfer place. Nevertheless, we cannot completely exclude
from NbQ; to CgHg, forming GHsOH is clearly the activation of both H-O bonds of water, but the
endothermic, hydrogen transfer should be slightly lack of a C—H bond activation reaction with benzene
exothermic according to the reaction between NbO casts some doubt over this proceeding at thermal
and HO (vide infra). The reason no reaction is energies.
observed with GHg is probably steric, and detailed A qualitative representation of the potential energy
theoretical investigations are required to establish surface leading to the products is given in Fig. 3. The
this. initial ion—molecule complex lies well below the first

It is appropriate to begin discussion with the entrance channel, as there is sufficient internal energy
simplest couples, that is, N@Owith H,O and NO. remaining, after formation of the Nb(V) product
The reasoning for this is twofold: first, any thermo- NbO,H,, for Nb—O fission to take place, leaving the
chemical results established can be used to rationalisereduced Nb(lll) product NbgH, . It is assumed that
reactions observed for more complex ion-neutral this ion product is formed in the triplet state. Un-
couples, and second, the neutral energetics g H
and N,O are well-defined.

After isolating NbQ, it was allowed to undergo 10
reactions with HO that is ubiquitous in the ICR cell,
even at 2-5< 10 ° mbar pressure. No absolute rate 08.
constants are reported, as there are no means of
measuring an accurate pressure gHunder these
circumstances, although it is certainly less thax 2
10° mbar. For this reason, the overall reaction is
slow (the collision frequency is approximately 0.1—
0.2 s'Y). From Fig. 2, it is apparent that two exother-
mic pathways compete at lab energies. The first is et o - -o---"O"T7©
simple water addition, whereas the second (less effi- _a-©
cient) pathway seemingly involves eitheg Bbstrac- T » & 4 %0 &
tion from H,0, or H,0 addition and O elimination. It Reaction Delay
is more probable that NbOreacts with a contaminant  gig 5 temporal profile of the reaction products for the couple
background gas to give rise to NB@,. Single NbO;/H,0 detected using FTICR-MS.
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ONb—0 - i+ +HO are probably vibrationally/kinetically excited, and the
“ATNDOS+ A HO o / HO reaction from the ground vibrational state is hindered.

| . . L
Noo™ + PO The barrier could be due to either the low polarisabil-

o ity of N,O, or formation of a high-spin hypervalent
ion product (NbQ), which in any case would be spin
forbidden. NbQ then rapidly reacts to add a further
oxygen atom, probably leading to formation of an
electrostatic [QNb—GO,]~ complex. From this result,
D(OsNb™—0) < D(N,0) = 40 kcal mol ™.
Fig. 3. Qualitative ion—mole_zcule reaction surfa_lce for the §HO A convenient route to the synthesis of metal sulfide
H,O couple, deduced from ion—-molecule reaction results. clusters or ions in the gas phase is through conversion
of the analogous oxide ion by reaction with COS or
known features of the potential energy surface include H,S [38]. Organic thiols can also be used if the vapour
the energy required for formation of the NPO  pressure is suitably high. Although(O/M,~O) is
radical, which necessitates Nb—-O bond slippage, asusually stronger tharD(O/M,~S), the reaction is
well as various energies imparted to/lost from the driven by the high thermochemical stability of the
ion—molecule complex via bond formations/fissions. neutral that is formed, which for thiols isJ®, and in
We have also assumed that the barrier for coupling of the case of COS, COFor a reaction to take place
OH and NbQH™ is negligible. It is known that  under ICR conditions with k& as the reactive neutral
highly oxidised early transition metal-oxo ions are D(O/M,~O) — D(O,M,~S) < 52.9 kcal mol !, and
capable of activating very inert molecules [37]. COS as the reactive neut@(O,M,~O) — D(O/M,~
The reaction with NO is very inefficient, and after ~ S) < 60.1 kcal mol ™.
a reaction delay of 10 s at a corrected pressure of The major reaction products for the NHMH,S
6.7 X 10~ mbar, two products are observed, NbO  couple are NobGH~, HS™, and NbQS ™. The sulfur—
and NbQ, corresponding to sequential oxygen trans oxygen substitution process was observed to proceed
fer reactions from NO. After 10 s approximately 95%  until all of the oxygen atoms of the parent ion were
of the parent ion was left, so thiat,,, < 7.1 X 10~ ** replaced, and the ions NB&~, NbOS,, and Nbg
cm® molecule* s™*. Due to the method of ion were all detected as reaction products at longer
formation, the small fraction of ions that have reacted reaction delays. The branching ratio is

NbO, + + + + » H,0
(IM Complex)

— NbOH~ + HS 10%

1 collision
NbO; + H,S NbO,S™ + H,O 40%

L. HS  + NbOH 50%

The rate of disappearance of NpQwvas deter for a high valent transition metal such as niobium. In
mined to be 1.8< 107 1° cm® molecule * s72, from addition, there appear to be no spin barriers for any of
which a reaction efficiencyk(,fkapo) of 0.15 was the reactions of Nb® with H,S that yield the ion
calculated. This low efficiency is comparable to the products listed above. From these results we conclude
rate of reaction with HO (vide supra), and the slow that D(NbO;-H) > D(HS—-H) = 90.3 kcal mol*
rate is attributable to the first hydrogen bond activa- [39]. Assuming that the reaction with B is also
tion step. We envisage no spin barriers in the S—O exothermic, then D(NbO;-H) = 105+ 15 kcal
substitution process, as both ligands prefer divalency mol~* [39]. Considering there was no reaction with
and formation of M—S double bonds should be facile benzene, which implieD(C¢Hs—H) = 110.9 kcal
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NbO, - «H: + -HS
100)
'A,NbO, +'A, H,S
M - - HS " D3 =0s
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40
"NbO,H™ + HS"
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NbO,S™ +H,0 1 JL
(IM Complex) o I 2 40 60 50 100 10 140 160 180 200 220 240
Nlh():'. HS ‘Nl»bo NbO,H + HS 100:
? 80
nlo D3 =1s
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Fig. 4. Qualitative ion—molecule reaction surface for the NS o
couple, deduced from ion—molecule reaction results.
20
L B
mol~* > D(NbO;—H) [40,41], then the hydrogen w0 & % dw bo om0 a0 d0
bond strength value can be further refined to 01 10
10 kcal mol . Moreover, observation of HSas an 507
exothermic reaction product infersH . (NbO3) > o D,=2s
AH_.{HS") = 350 + 1 kcal mol * [42]. A qualita- |
tive potential energy surface for the NS reac- ¥
tion is presented in Fig. 4. 2 )
More interesting than the S—O substitution prod- -l rL-lh. P, et vy
. 3 . 3 20 40 60 80 100 120 140 160 180 200 220 240
ucts were the minor reaction products, which include i

NbO,SH”, N,bOSZHl'Z’ an_d NbgH;. The first OT Fig. 5. Representative FTICR mass spectra for the reaction between
these reduction products is formally a Nb(IV) anion, nbo; and CHOH for different reaction times (given on each
as is NbOSH™, whereas the other ions possess spectrum). The major reaction products are NHO (m/z 142.8)
reduced Nb(III) centres. Numerous oxide and sulfide and NbQCH, (m/z154.8). See text for.a more detailed discus_sion
. . . of the products. The peak am/z 70.4 is an artefact of Fourier
polymorphs have been characterised for niobium in .nsform processing.
the condensed phase, although the lower oxidation
states of this metal are not as common as for vana-
dium. tunately, the low yields of this ion precluded isolation
The ion—-molecule couples NBR@CH;OH and and CID studies, which might have been useful in
NbO;/C,H;OH have also been studied, and from a determining whether the structure was an ion—dipole
catalytic perspective, warrant close scrutiny. NbO complex involving the closed-shell Nb(lll) species
reacts exothermically with C}¥DH to yield two prod- NbO, . Several endothermic oxygen transfer products
ucts (Fig. 5). The kinetically favoured pathway is a were also detected (NBQ NbO,H™, and NbQH,),
formal oxidation/reduction process which liberates but the intensities of these ions were very weak. The
CH,0O as the neutral product. The hydrogen abstrac- ion NbO,H; is interesting, particularly if formation
tions are concerted, as no peak corresponding tooccurs in one collision, as this could represent a
NbO;H™ was detected, even after a reaction delay by-product in the generation of formic acid over
allowing for only one collision. The other pathway Nb—O surfaces at slightly elevated temperatures. The
involves net methylene (CHi transfer to Nb@ and primary product ion NbGH, reacts very inefficiently
concomitant HO liberation. The structure of the with CHZ;OH, if at all. The endothermic oxygen
NbO,CH, product ion is assumed to possess an intact transfer reaction yielding NbPDand CH, is extremely
CH,0 unit, given the oxophilicity of carbon. Unfor- inefficient.
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The primary reaction occurs with an ADO effi-
ciency of 0.45 kg, = 6.9 X 107 *° cm® molecule™
s 1. Given the rather high efficiency of the oxidation
reaction, we assume that the product ion is a reduced,
closed-shell species, as formation of a triplet dihy-
droxyniobium(lll)oxide anion would be associated
with a spin barrier. If the reaction producing Ng@;,

is a concerted process, as the ion—molecule results N

suggest, it is appealing to suggest tb@iNbO; —H) >
D(CHz;O-H) = 104.0= 0.8 kcal mol'! [40,41]
which leads tdD(NbO;—H) = 107 + 4 kcal mol %,
based on the energy required to abstract the hydroxyl
hydrogen from CHOH. We prefer to adopt the value
103 = 9 kcal mol'* without computational knowl
edge of the reaction mechanism.

The reaction between 8:;0H and NbQ is sig
nificantly slower ey = 2.7 X 1072 cm® mole
cule * s™1). This corresponds to an ADO efficiency
of just 0.02. Two exothermic pathways are observed;
the kinetically favoured product corresponds to dehy-
dration and neutral £, liberation. Oxidation of
C,HsOH to CH,O is the other exothermic product.
For C,H;OH, small amounts of the primary hydride
abstraction product Nb®i~ are also observed, so it
is possible that consecutive step-wise dehydrogena-
tion events contribute to formation of NQB, . Con
sidering the C—H and O-H bond strengths of both
methanol and ethanol, and the kinetic evolution of the
product ions for the ethanol reaction, it is quite likely
that concerted (2H) dehydrogenations also lead to
formation of NbGQH,. No ion to neutral oxygen
transfer products were observed at all for the reaction
with C,H;OH, however trace amounts of NB@;
were detected, which is probably a trihydroxyniobi-
um(ll) anion. Swept ejection was used to isolate the
primary ion hydration product, which was then left to
react with GH;OH. Three products were observed,
although two of these are either reactive intermediates
or endothermic products. The principle reaction prod-
uct corresponds to either a substitution reaction in
which H,O is replaced by ¢H:OH; or alternately,
further dehydration liberates the neutrab®H with
C,H, remaining bound to the anion. The observation
of very small peaks corresponding to addition of 12
mass units (NbgH,C ™) and addition of 2 mass units
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Fig. 6. (I) Representative FTICR mass spectrum for the reaction
between Nb@ and CHCH,OH after 16 s reaction delay. (Il)
Isolation of the major reaction product, N, (m/z158.8), using
swept ejection. () rf acceleration of isolated N} in the
presence of the reagent gas, simulating ion heating. This results in
recovery of the parent ion. (IV) Reaction of isolated NbiQ with
CH,CH,OH after a reaction delay of 540 s. The major product
corresponds to addition ah/z 28. Note the minor peak an/z
170.8. See the text for discussion.

(NbO,H,) gives some insight into £1;0H activa
tion by NbQH;. The observation of both products
suggests the primary hydration product is indeed
capable of alcohol activation, and the methylene
abstraction product disfavours a,G-CH:OH sub
stitution pathway for NbGH;. Thus, two neutral
molecules would appear to be liberated (eithe©OH
and CH, or CH,OH + H,, the former pair being
more thermochemically favourable) in the first alco-
hol activation, and this product ion then reacts rapidly
to abstract a further CHunit from C,H;OH, resulting

in liberation of the neutral CEOH. This reaction is
nearly two orders of magnitude slower than the first
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C,H:OH activation by Nb@, even though the hy
drated product can also be envisaged as a Nb(V)
species. The inefficiency of £;0H activation by the
primary hydration product lends support to the hy-
pothesis that higher-order Nb—O bonds are responsi-
ble for the catalytic activity on niobium oxide sur-
faces, and there are notable similarities in the
reactions observed for the Nb(V) ions NpCGand
NbO,H5 . In contrast, NbQH; , the Nb(lll)-product
ion, is far less reactive toward alcohols.

In order to establish catalytic activity of NRO
swept ejection was again used to isolate the primary
hydration product, which was then accelerated using a
single rf pulse, of 4Qus duration, in the presence of
C,HsOH. This experiment resulted in regeneration of
NbO; plus small amounts of Dand NbQG (Fig. 6).
Thus, we have mimicked dehydration of poisoned
catalyst surfaces by heating. It is hoped that future
labelling experiments and theoretical studies might
assist in the determination of reaction mechanisms.
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