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Cationic metal species normally function as Lewis acids, accepting electron density from bound electron-
donating ligands, but they can be induced to function as electron donors relative to dioxygen by careful
control of the oxidation state and ligand field. In this study, cationic vanadium(lV) oxohydroxy complexes
were induced to function as Lewis bases, as demonstrated by additiontofad undercoordinated metal
center. Gas-phase complex ions containing the vanadyf{()/@anadyl hydroxide (VOOH), or vanadium-

(V) dioxo (VO,") cation and nitrile (acetonitrile, propionitrile, butyronitrile, or benzonitrile) ligands were
generated by electrospray ionization (ESI) for study by multiple-stage tandem mass spectrometry. The principal
species generated by ESI were complexes with the formula [V({l.)where L represents the respective
nitrile ligands anch = 4 and 5. Collision-induced dissociation (CID) of [VOE3" eliminated a single nitrile

ligand to produce [VO(LJ*". Two distinct fragmentation pathways were observed for the subsequent
dissociation of [VO(L)]?*. The first involved the elimination of a second nitrile ligand to generate [VEXL)

which then added neutral B via an association reaction that occurred for all undercoordinated vanadium
complexes. The second [UO(3J fragmentation pathway led instead to the formation of [VOOHK(L)
through collisions with gas-phase;® and concomitant losses of L and ft H]*. CID of [VOOH(L),]™"

caused the elimination of a single nitrile ligand to generate [VOOH{(lWhich rapidly added &(in addition

to H,O) by a gas-phase association reaction. CID of [VQU{]*, generated from spray solutions created

by mixing VOSQ, and Ba(NQ). (and precipitation of BaS£), caused elimination of N£Xo produce [VO-

(L)2]". CID of [VO4(L),]" produced elimination of a single nitrile ligand to form [V@)] *, a V(V) analogue

to the Q-reactive V(IV) species [VOOH(L)]; however, this V(V) complex was unreactive with,@vhich
indicates the requirement for an unpaired electron in the metal valence shell &id@ion. In general, the
[VO2(L)2]" species required higher collisions energies to liberate the nitrile ligand, suggesting that they are
more strongly bound than the [VOOH@J counterparts.

Introduction gas-phase vanadium(lV) oxo species might be reactive with
dioxygen, because, like [UQ', [VO]™ has a single unpaired
valence electron whose reactivity might be adjustable by changes
in the metal ligand field.

In general terms, the intrinsic chemistry of vanadium and

The addition of dioxygen to metal centers has attracted the
interest of chemists for decades,on account of its importance
to oxidation in biological systems, including oxygen transport

by hemoglobirf. Generally, cationic metals would be expected . o . . i .
to act as Lewis acids, forming ligand complexes with nucleo- vanadium-containing complexes is a topic of interest in both

philic ligands. However, in a surprising number of cases, biology fand i_ndustrial chemistry. Vangdium is a trace eIer_nent
cationic metal species having higher-lying oxidation states will Present in animal and plant celfswhere it serves as the reactive
also function as electron donors with respect to dioxygen. This Center in a variety of enzymes including some haloperoxi-
has been demonstrated for transition-metal cluster cations ind"j‘sei“l*_16 and nitrogenases in some nitrogen-fixing baqté?la;_
the gas phas®’ Binding of dioxygen to transition metals is these discoveries have mot!vated a wide range of ;tudles using
dependent on the oxidation state and on the ligands attached tgnodel compound&™%* In industry, vanadium oxides are
the metal center, as has been demonstrated for Fe in biologicaeMPployed in processes ranging from the oxidative dehydroge-
systemg:89Yet, in general, definitively establishing the effect nation of alkanes to the oxidation of alkylaromatics, alcohols,
of oxidation state and ligation on metal reactivity patterns is a and SQ,?#23 the latter being the crucial step in the modern
complicated task. However, recent research demonstrated ligandProduction of sulfuric acid?
and oxidation-state-sensitive formation of dioxygen complexes  The reactivity of oxovanadium species in catalytic and
with reduced, gas-phase [U species? This suggests that  biochemical reactions has motivated several studies of model
systems in the gas phase using mass spectroittetyEarly
f::'rl;o whom correspondence should be addressed. Address: Departmenton, Muller and Benninghoven showed that a variety of oxy-
tr - . . i i i i
S16.678.7301. Fax 316.075.3431 E-mall MkeanSipdork@uichitaequ. “aNadium ions could be formed using secondary ion mass
t Wichita State University. spectrometry, providing a desorption approach for ion forma-
*1daho National Laboratory. tion° Since then, detailed bond enthalpy data have been
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generated for noncovalent complexes consisting of bare vana-used as received. Acetonitrile, propionitrile, butyronitrile, and
dium cations ligated with water, amines, and oxy¢fe@astle- benzonitrile were purchased from Aldrich Chemical (St. Louis,
man and co-workers examined the formation and bond MO) and used as received. Stock solutions of VQ&6d Ba-
dissociation thresholds of vanadium oxide clusteri®aad the (NOs)2 (ca. 1 mM concentration) were prepared by dissolving
reactions of the YO, cations with small fluorinated hydro-  the appropriate amount of solid in deionizecbG4d Spray
carbong>26or ethane and ethylerf Schwarz and co-workers  solutions for the generation of \VBO—nitrile complexes by ESI
examined systems as diverse as small vanadium cluster cationsvere prepared by combining portions of the VOSS&ock

and molecular oxygef? the formation and energetics of ¥Q solution and nitrile in a 1:100 relative molar ratio. For 1 mL of
VOH?*, and [V,0,H]?";%% the ion chemistry of gas-phase total solution volume, the amount of nitrile added ranged from
vanadyl methoxy and alkoxy(catecholato) comple¥&3;and ~5 to 8 uL because of the different densities of the nitriles

the oxidation of alkanes by V£ and small vanadium oxide used. These volumes of nitrile were sufficient to generate
cations3%:33 Cluster ions containing multiple vanadium atoms abundant doubly charged \©complex ions, but low enough
have also received attention: careful experiments by Armentroutto avoid the introduction of significant partial pressures of
and co-workers produced metahetal, metat-H, and metat-O neutral nitrile into the ion-trap instrument to participate in+on
bond enthalpies for ionic Vclusters®? Fielicke and Rademann  molecule association reactions.

examined the stability and reactivity patterns of vanadium oxide T4 prepare solutions used to generate gas-phase \ONO
clustgr IOI‘IS.WI'[h between 4 and 14 vanadium atoms, including pitrile complexes, equal volumes of equimolar solutions of
reactions with a range of hydrocarbons and small molecules\/os0, and Ba(NQ), were combined in a beaker. A white
such as NO and SG° Dinca and co-workers showed the size-  precipitate (BaSg) immediately formed and was allowed to
selective reactivity of VO, clusters with alkyl esters and found  settie over a period of several hours. The BaR@cipitate
that undercoordinated vanadium metal centers would a@ H a5 filtered, and 1-mL portions of the resulting supernatant were

even though the cluster charge was negafivklore recent  compined with appropriate volumes of the nitriles for the ESI
studies have focused on characterizing the structure of oXovanagyperiments.

dium cluster cations using infrared multiphoton dissociatio??

In the present study, we explored the use of electrospray
ionization (ESI) to generate gas-phase vanadyl{VQvanadyl
hydroxide (VOOH), and vanadium(V) dioxo (V@) cations
complexed with nitrile ligands [acetonitrile (acn), propionitrile
(pn), butyronitrile (bn), and benzonitrile (bzn)]. Prior studies

ESI mass spectra were collected using a Finnigan LCQ-Deca
ion-trap mass spectrometer (ThermoFinnigan Corporation, San
Jose, CA). The spray solutions were delivered to the ESI source
through fused-silica capillaries and a syringe pump at a flow
rate of 3-5 uL/min. The atmospheric-pressure ionization stack
- . settings for the LCQ instrument (lens voltages, quadrupole and
have demonstrated the utility of ESI for the production of octapole voltage offsets, etc.) were optimized for maximum ion

gx?]\{;nadlurg lons foli study 'g tgglgtas phase.t For examlfle'transmission to the ion-trap mass analyzer by using the autotune
chraier-and Co-WOrkers use 0 generale a gas-pnase., ;jine within the LCQ Tune program. The spray needle voltage
methoxo-oxovanadium cluster for subsequent study of its gas

; . “was maintained at-5 kV, and the N sheath gas flow at 25
phase chemistri/ BO!('thhnO ar(qu co-vt;/orkers usequSI anq Mass - nits (approximately 0.375 L/min). For most experiments, the
fﬁ;cggmﬁ”gétl‘; stg y \:janadlum_d romofperom aﬁe m|m||cs Itn heated capillary, used for ion desolvation prior to injection into

gd' P 3 and pro dgce TV' enc%hc;r gas-p aseso Ve the ion trap, was maintained at 12G to maximize both the
coor ;nate peroxc;ve}na |u][n c us(;e:s ! if s we repqu (ra]re, total ion signal and the production of doubly charged complexes.
ESI o aqueous solutions of vanadyl sulfate (VOp®ith the Helium was used as the bath/buffer gas to improve trapping
organonitriles as cosolvents generates doubly c+harged gas'phasgfficiency and as the collision gas for CID experiments. lon
fgr?g;iﬁ: tﬁvéﬂfr]e;hicgsger:srliszaolrim;r:zs[;?ﬂ@i én\évger,ilsla charge states were confirmed by examining the isotopic peak
ob?;erved in the Egl spectra are i%ns with the gener;'al formulaSpaCing using the ZoomScan high-resolution function of the
[VOOH(L)]*. We found that species with the formula [YO LCQ-Deca instrument. Doubly charged species were identified

. . NG " P
(L)2]" can be generated by collision-induced dissociation (CID) by |sc_)top|c; E)pgmarlly C ."f:nd C from the nitrile ligands) peak
of [VONOg3(L),] " via the elimination of N@ and oxidation of spacing of 0.5 mass units (u). )
the vanadyl ion to the vanadium(V) dioxocation. The nitrile- "€ CID (MS/MS and M9 experiments were performed as
coordinated V@, VOOH", and VQ,* cations were subjected fol!ows_: Pre_curso_r ions were selected and_lsolated for activation
to multiple-stage CID to probe fragmentation behavior. The USing isolation widths of 0_.?1.2 mass units Ct_entered on_the
combination of ESI and CID performed in a quadrupole ion m'z value_of the precursor ion. T_r_le isolation W|_dth for a given
trap enables the formation of a series of ions that vary in terms complex on was chosen emplr_lcally_ to provide an opt_|ma|
of extent of ligation, oxidation state, oxo form, and metal COMPromise between abundant ion signal and the isolation of
oxidation state. A limitation of the ion trap is that the kinetic Single isotopic precursor ion peaks. The normalized collision
energy distributions of the ions are not well-known, which €nergy (a term arbitrary to the LCQ system that represents a
hinders the measurement of ligand binding energies. However,Percentage of 5 V, normalized for precursor ion mass, applied
the tremendous versatility of the ion trap for ion formation 0 the end-cap electrodes to increase ion kinetic energy) was
provides access to ion series that enables reactivity with H ~ S€t between 20% and 30% of a mass-normalized collision
and Q to be probed as the ion chemistry is systematically varied. €nergy. Given the respective masses of thé Y®@OOH, and
VO, nitrile complexes, the applied collision voltages ranged
from 0.43 to 0.87 V (laboratory frame) depending on the number
and type of nitrile ligands. In most cases, except where
ESI-MS and multiple-stage CID were carried out using specifically indicated, applied collision voltages of this mag-
procedures established previously for the generation of gas-phasaitude were sufficient to reduce the precursor ion intensity to
uranyl ion-ligand complexe46-5° Vanadyl sulfate hydrate  ~10% relative abundance. Where relevant to the discussion of
[VOSO4xH,0 (25% vanadium] and barium nitrate dihydrate ion dissociation, the energies used to affect CID are provided
[Ba(NOs)2:2H,0] were purchased from Acros Chemical and in volts, laboratory frame, without the correction for precursor

Experimental Methods
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100

1155 TABLE 1: ESI Spectral Data for the Relevant

(a) IVOtaen Vanadium-Containing lonic Complexes
75
s nitrile ion m/zvalue composition assignment
el [VO(acn)** acetonitrile 95 [VO(acn)?*
136 2+
2 104 [VO(acn)(H:0)]
115.5 [VO(acnj?"
o 124.5 [VO(acn)(H-0)]2*
20 40 60 80 100 120 140 160 180 200 136 [Vo(acné 2+
1 2 143 [VOOH(acn)(HO)]*
(b) Vo 1428 166 [VOOH(acn)]*
" propionitrile 116 [VO(pr)]2+
€W [VO(pn) " 125 [VO(pn)(H0)]**
e (p)H* [En)HI* 171 143.5 [VO(pn)]?*
2% 11 152.5 [VO(pr‘)'(HZO)]Z+
l | 171 [VO(pn))?*
0 1 DI W W - PR VN 157 [VOOH(pn)(HO)]*
50 75 100 125 150 175 200 225 250 275 300 194 [VOOH(pn)]+
0 [VO(bn)J2* butyronitrile 137 [VO(bn)]2+
. © L G P 146 [VO(bnk(H-0)]*
_ , 130 e 171 [VOOH)(bn)(HO)]*
S 1715 [VO(bn)]2*
2 206 [VO(bn}]%
2 222 [VOOH)(bn}]*
benzonitrile 188 [VO(bznr)?"
050 ;5 l 100 1;5 15‘: 1;: 260 225 250 - 275 A‘4—300 205 [VOOH(bzn)(HO)]+
- 239.5 [VO(bzn))?*
(d) [(bzm) H* 201 | vO(bzn)g* 290 [VOOH(bzny]*
i 207 291 [VO(bzn)]?>*
— (bzn)H*
g 50 104 [VO(bzn),J?* . L
o 2395 summary of the relevant vanadium-containing ionic complexes
2 (m/z ratios and proposed compositions) observed in the four
J spectra is provided in Table 1. The proposed complex ion
0 L A ol N | P AL . " . . .
s 75 100 5 150 175 200 255 250 25 00 325 a0 compositions were confirmed using multiple-stage CID. As in
miz earlier investigations of gas-phase uranyl species by our

Figure 1. ESI spectra produced from aqueous solutions containing group#95%we found that the general distribution of singly and
VOSO, and (a) acetonitrile, (b) propionitrile, (c) butyronitrile, and (d)  doubly charged complex ions containing vanadium was influ-
benzonitrile. In the spectra, only the nitrile and ¥©nitrile complex enced by the temperature of the heated capillary used in the
ions are labeled. In spectrum a, the majority of the unlabeled peaks LCQ-Deca instrument to desolvate the ions prior to their
correspond to protonated solvent complexes. o !

transmission to the ion-trap mass spectrometer. For example,
at low desolvation temperatures of 10025 °C, the dominant
vanadium-containing ions observed were doubly charged va-
nadyl complexes with the general formula [VO(2", where
L corresponds to the respective nitriles ane 4 and 5. Minor

ion mass. The activatio® (used to adjust the, value for the
resonant excitation of the precursor ion during the CID
experiment) was set in these experiments at 0.3 to ensure

effective trapping and collisional activation. The activation time peaks (ca. 10% relative intensity or lower) corresponding to

for all CID experiments was 30 ms. Following the isolation/ : . +
activation period, the precursor and product ions were scanned "> with the formula [V.OOH(L?)] were also observed. At
higher capillary/desolvation temperatures (ca. Z@), an

out of the trap and detected as part of the automated mass- o - .
analysis operation. increase of the relative intensities of the singly charged [VOOH-

o L),]" complex ions and a decrease of the [VQ{E) ion
05 (

The pressure W't.h'n the vacuum system was caxd i~ intensities were observed. We attribute this observation to the

Torr during experimental trials, with He as the principal

- L . thermal dissociation, at high temperatures, of the doubly charged
polhsmn/bath gas. bD was present as an indigenous species vanadyl (V&) complexes to produce the singly charged
n the vacuum syste_m and was admitted into the vacuum SyStem\/anadyl hydroxide (VOOH) species. As discussed below, the
dlreptly because of its use as in the spray solvent méxture. Theformation of [VOOH(L)] is a dissociation pathway observed
partial pressure of YO was gstlmatgd to b‘? ca.>_<110‘ Torr . for the CID of [VO(L)4]%". The best compromise between high
based on %rewous hydratlon StUd.'eS using similar operating overall ion signal and maximum production of doubly charged
p_arameteré. To conflrm_ the forma_tlon of @adducts f°f.”.‘9d species was found at desolvation capillary temperatures between
via ion—molecule association reactions, a Hglend (certified

0.1% Q, Linweld, Wichita, KS) was used as the collision/buffer 100 and 120C. The spectra shown in Figure 1 were collected

To probe f hase ligand-additi tions, thet 120°C:
gas. 10 probe for gas-pnase ligand-addition reactions, e pge.q 56 of the relatively low mass of acn (41 u), the’\o
complex ions were isolated using isolation widths similar to

. ) - acn complex xpected t formed hanzeval h that
those outlined above. The normalized collision energy was set cn complexes expected to be formed hawzvalues suc

S ; they appear in the region of the ESI spectrum that is dominated,
0,
at 0%, and the activation time was varied from 1 to 1000 ms. when low ion desolvation temperatures are used, by peaks

attributable to protonated solvent monomers, dimers, and trimers.
Results and Discussion Nevertheless, as is apparent in Figure 1la, when acn was used
in the ESI spray solvent, a prominent peak corresponding to
ESI Mass SpectraFigure 1 shows the ESI spectra generated [VO(acny]?" was observed atVz 115.5. A high-resolution scan
from aqueous solutions that were 1 mM VOS@th 100-fold of this peak confirmed the-2 charge state. A peak correspond-
molar excesses of (a) acn, (b) pn, (c) bn, and (d) bzn. A ing to [VO(acn}]?" at m/z 136 appeared at a relative intensity
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of only 20—25%. Decreasing the capillary/desolvation temper-
ature to values below 10TC, or decreasing lens voltages for
more “gentle” ion formation and transmission conditions, failed
to appreciably increase the intensity of the [VO(gE)species.
The [VO(L)4)?" species was observed miz 143.5, 171.5,
and 239.5 for pn (Figure 1b), bn (Figure 1c) and bzn (Figure
1d), respectively. Comparison of the spectra in Figure 1
demonstrates that the abundance of [V@A) increased,
relative to that of [VO(L)]?", as the size of the nitrile ligand
increased, and [VO(lg)?" was the dominant doubly charged

complex ions observed for both bn and bzn. The number of €

ligands bound to the V& cation is expected to be influenced
by the relative strengths of ierdipole/ion—induced dipole and
charge-transfer attractive interactions, as well as-lgand and

ligand—ligand repulsive interactions. The observed tendency to

favor association with five nitriles over four in the gas-phase

vanadyl complexes does not follow the trend in dipole moment

or polarizability of the respective nitriles, but is consistent with
differences in their proton affinity and gas-phase basicity (which
are in the order acrs: pn < bn < bzn)>! This suggests that the
overall number of ligands bound to the ¥Oion is strongly

dependent on the relative nucleophilic strengths of the various

nitriles.
Despite the relatively low amount of nitrile used in the spray

Parsons et al.

100
166

(a)

solvent system to generate the complex ions (ca. 1 vol %), only
for the complexes containing acetonitrile were mixed species €
containing the nitrile and pO ligands observed. (For example,
[VO(acn)(H20)]? and [VO(acn)(H20),]%" were observed at

m/z 104 and 124.5, respectively.) The low ion abundance of
complexes containing # ligands, particularly for complexes

[VOOH(acn),I*
75
-~ 'O(acn),)?*
g [VO(acn);(H,0)1** v 1(15 5)4]
= %0 (acn+H)* )
o 42
- 9
l [VO(acn)J"I 104
]
20 40 60 80 100 120 140 160 180 200
100
b [VO(pn),(H,0)1**
( ) 125
75
194
° [VOOH(pn),I*
= | wowm
O(pn),)**
2] (enery Volpn):l 1435
56 16 | 134
| l J139
o A
40 60 80 100 120 140 160 180 200 220 240
100 146
. () VO(bn)(H,0)2*
g
. 50
= O(bn) 12+
«© : 1;1 :)J [VOOH(bn),I*
%1 (bn+H)* [VO(bn),)** 222
155
70 137
L 7 ) [
50 75 100 125 150 175 200 225 250 275 300
100 d 197
( ) [VO(bzn),(H,0)1*
75
50
VO(bzn),J2*
2395
O(bzn), ]
» o :’:8 [VOOH(bzn),I*
| 200
o s

75

100 125 150 175

200

225 250 275 300 325

containing the larger nitriles, likely reflects the competition
between nitrile and kD ligands (and the stronger basicity of
the nitriles over HO) for coordination sites around the vanadyl

miz

Figure 2. Collision-induced dissociation spectra of [VOg3', where
L corresponds to (a) acetonitrile, (b) propionitrile, (c) butyronitrile, and

ion in solution and during the ion-desolvation steps (on the LCQ (d) benzonitrile. In b, the product ion a¥z 134 is the dihydrate species

platform, desolvation is effected both by an $heath gas and
by the heated capillary) prior to the introduction of ions into
the ion trap.

CID of [VO(L) n]?", n = 4, 5. For each nitrile used in this
study, CID (MS/MS stage) of [VO(l5)>" caused elimination
of a single ligand to generate [VO@§" (spectra not shown)

[VO(pn)s(H20);]?", and the peak atn/z 139, [VOOH(pn)f, is a
dissociation product of energetic [VOOH(plf) atm/z 194. In c, the
species atn/z 155 is the hydrate product [VO(kyiH-O)]?".

one and two HO ligands to produce [VO(acs(H20)]*" and
[VO(acn)(H20),]2" at m/iz 104 and 113, respectively. The

as the sole fragmentation pathway. Product-ion spectra generatefiormation of the HO adducts by an ionmolecule reaction in

by the CID (MS stage) of [VO(L)]?" are shown in Figure 2.
In general, dissociation of [VO(L)?" was observed to proceed

the ion trap was confirmed by isolating and storing the [VO-
(acny]?" species in the ion trap without imposed collisional

via two reaction pathways: (a) reactions characterized by the activation (spectra not shown). The appearance of peaks 18 and
elimination of a nitrile ligand and the formation of singly 36 u higher in mass than the ion selected for storage is indicative
charged complex ions containing ligated [VOGHand (b) of the generation of mono- and dihydrate species by gas-phase
reactions characterized by the elimination of a single nitrile association reactions. The formation of hydrated ions is in accord
ligand, without charge reduction, to generate [VQ[E). For with earlier investigations by our laboratdfyf”495052and
example, the most abundant product ion generated from the CIDother§®-5¢ of the intrinsic reactions of ligated metal ions when

of [VO(acny])?* (Figure 2a) was [VOOH(acg])" at m/z 166. isolated and stored in ion-trap mass spectrometers.

Formation of the vanadyl hydroxide species implicates collisions ~ When pn, bn, and bzn were used in the spray solvent, the
with H,0, which is present as a contaminant in the He bath gas CID of [VO(L) 4]** generated as the most abundant product ion
and also admitted directly into the ion-transmission optics and the [VO(L)(H20)]?* species atr/z 125 (Figure 2b), 146 (Figure

the vacuum system because of its use in the ESI spray solvent2c), and 197 (Figure 2d), respectively. For pn and bn, the
The appearance of a peaknafz 42 indicates that an acn ligand ~ dihydrate species [VO(kJH20)]* was also observed at/'z

is eliminated as a protonated species during the dissociation134 and 155, respectively. The [VO@3J* ion was observed
reaction, which likely proceeds as suggested (in general terms)at relative intensities of only ca. #20%. Isolation and storage

in reaction 1. of [VO(L)3]?" (MS* stage) in the ion trap for 30 ms, without
imposed collisional activation, produced [VO§),0)]?+ at
relative intensities comparable to those in Figure 2. This
observation suggests that the hydrate was generated by the very
rapid addition of HO to [VO(L)3]%" once the latter species had
been created from [VO(L)*"™ by CID. Alternatively, the
hydrated product ion might be generated by a collision-assisted
substitution reaction in which a nitrile ligand is replaced pH

[VO(L) J*" + H,0 — [VO(L) ,(H,0)*"* < [VOOH(L),
(L + H)(L)]*™* — [VOOH(L),]" + (L + H)" + L (1)

CID of [VO(acn)]?" also caused the elimination of a single
acn ligand to generate [VO(agiy" at m/z 95, which added
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as suggested in reaction 2.

[VO(L) J°" + H,0— [VO(L) s(H,0F +L ()

The relative intensity of the [VOOH(L)* species decreased
from 100% for acn to ca. 60%, 20%, and 5% for pn, bn, and

bzn, respectively, and similar decreases in relative intensity were

observed for the protonated nitrile producte/4 56, 70, and
104 for pn, bn, and bzn, respectively). For the larger nitriles,
the preferred dissociation pathway became the one in which
[VO(L)3]?" and the HO adduct were formed. The tendency of
[VO(L)3]?" to generate the 0 adduct was significantly higher
for the larger nitriles compared to acn. With respect to the nitrile
ligand, the tendency for direct® addition to [VO(acrg?>"
followed the trend bre bzn> pn. The tendency for enhanced
H,O addition for complexes with comparatively larger ligands
is consistent with earlier studies by our group of the hydration
of Ag™52 and UQ?" 4647 complexes. We attribute the higher
intrinsic hydration tendencies for complexes with larger ligands
to the increased number of vibrational degrees of freedom with
the larger ligand. A larger number of oscillators can better

J. Phys. Chem. A, Vol. 110, No. 41, 20061631
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[VOOH(acn)]*
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75

[VOOH(bn)(O,)1*
185

|

R. L. (%)

[VOOH(bn)]*
153

: J

[VOOH(bn),J*
222

A

accommodate the exothermicity of the association reaction by
decreasing the rates of the reverse (dissociation) reactions and
thus enabling adduct stabilization. The trend with respect to the
nitrile ligands observed when comparing the additions of a single _
H.O ligand to [VO(L)]?" suggests that the increase in the £
number of degrees of freedom in the pn or bn complexes ¢
enhances hydration compared to acn complexes, but that
increasing basicity and/or steric hindrance might be responsible

25

0

140 150

[VOOH(bzn)]*
187

1

160 170 180 190 200 210

205 | [VOOH(bzn)(H,0)1

[VOOH(bzn)(0,)]*
219

|

220 230 240

[VOOH(bzn),I*

290
A

160 170 180 190 200 210 220 230 240 250 260 270 280 290 300

for decreasing kD addition to bzn complexes when compared

to bn complexes. On the other hand, the enhanced propensity o ) o
of bn to add HO would also be consistent with a larger number Figure 3. Collision-induced dissociation spectra of [VOOH{EY,
of low-lying torsional modes in bn compared to bzn. A similar w_here L corresponds to (a) acetonitrile, (b) propionitrile, (c) butyroni-
. . . trile, and (d) benzonitrile.

influence of the nitrile on the formation of & adducts was

observed in our earlier investigation of uranyiitrile complex ion spectra, with respect to the/z ratios of the ions and their
ions50 relative intensities, were observed when [VOOH]")was first

Subsequent CID of [VO(lg)2+ and [VO(L)s(H.0)]2" (MS? generated from [VO(L4]_2+ _(MS/MS stage) and then subjected
stage, spectra not shown) led primarily to [VOOHL)product {0 @ Subsequent dissociation step (Mgge). CID of [VOOH-
ions. For the [VO(L3]2* precursor ion, the formation of the ~ (L)2l" led to three general product ions: (1) [VOOH(L)ia
hydroxide product ion presumably occurs through a process elimination of a single nitrile ligand (product ions &z 125,
similar to that proposed in reaction 1, without the elimination 139, 153, and 187 for E= acn, pn, bn, and bzn, respectively),
of the neutral nitrile ligand. It is interesting to note that some (2) [VOOH(L)(H-0)]" via addition of HO in the gas phase,
[VOOH(L),]* was generated from [VO(E]?* (along with [VO- and (3) a _product ion 32 u higher in mass than the [VOOH-
(L)3(H20)]2+ and [VO(Ls)(H20),]2") even when the latter (L)]* species. The fact thgt both the_ hydrgted product, [VOOH-
species was isolated and stored in the ion trap (spectra not(L)(H20)I", and the species 32 u higher in mass were adducts

shown), but not collisionally activated, for 30 ms. This observa- 1© [VOOH(L)]" was confirmed by isolating [VOOH(L}]
tion suggests that the activation barrier for the reaction to without imposed collision activation, in the ion trap after it had

miz

produce [VOOH(L)] " from [VO(L)3]%" is very low. Formation
of [VOOH(L)2] " by the CID of [VO(L)(H20)]?* might involve
dissociation of the kD ligand, proton transfer to a nitrile ligand,
elimination of the protonated nitrile, and retention of the OH
by the vanadyl ion, as suggested in reaction 3.

[VO(L) 5(H,0)*" — [VOOH(L) (L + H)]*™* —
[VOOH(L),]" + (L + H)" (3)

Unlike the result for [VO(L)]?*, isolation and storage of [VO-
(L)3(H20)]?" without imposed collisional activation led to the
addition of a single kO ligand rather than the generation of
the ligated [VOOH(L)] " products.

CID of [VOOH(L) 2]*. Figure 3 shows the product-ion mass
spectra generated by the CID of [VOOH{)(MS/MS stage).

been generated from [VOOH(@]) by CID (spectra not shown).
The addition of 32 u in mass could represent the formation
of either a CHOH or an Q adduct to [VOOH(L)]. The
resolving power and mass measurement accuracy of the ion trap
are not sufficient to distinguish between the two products. In
addition, the peak corresponding to the addition of 32 u to
[VOOH(L)] ™" displayed an increased width and chemical mass
shift characteristic of loosely bound adducts in the ion-trap
experiment: these factors prohibited an identification of the
adduct identity bynw/z measurement alone. GBH could arise
because of trace amounts of solvent remaining in the solution-
transfer capillaries and in the vacuum system from experiments
conducted prior to those presented herg.iOpresent in the
ion trap because ESI is an atmospheric-pressure ionization
method and ambient air is sampled into the ion-transmission
optics and the vacuum system. The experiments involving CID

The product-ion spectra were generated by isolating the precur-of [VOOH(L),]™ were conducted three separate times, the

sor ion for CID directly from the ESI spectrum. Similar product-

second two after thorough cleaning of the solution-transfer
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Figure 4. Product-ion mass spectra generated by from [VOOH(pn)]
initially derived from the CID of [VOOH(pny ', that was isolated and
stored in the ion trap for a period of 100 ms. In a, the species was

Parsons et al.

ligands or a single ©molecule presumably bound in a bidentate
fashion. Extending the ion isolation and storage times-t& 1
s failed to generate a product ion in which either thre®©H
ligands or a combination of a single® and an @ligand were
added to [VOOH(L)T.

Upon dissociation of [VOOH(Lg) *, the intensity of [VOOH-
(L)(H20)]* systematically increased with the size of the nitrile
ligand, and it was observed at the highest relative intensities
for bn and bzn. This observation can be rationalized, in part,
using the proposal that accommodation of reaction exothermicity
by internal modes in the species with larger, more complex
ligands enhances the potential for direct ligand addition (in this
case, HO addition). However, the tendency to add @ther
than HO to [VOOH(L)]" also appears to be dependent on the
nitrile ligand, L. For example, the ratio of the ion abundance
for the @ and HO adducts, [VOOH(L)(Q]™/[VOOH(L)-
(H20)]*, was calculated by integrating the respective product-
ion peak areas and was found to increase from 0.113 for acn to
0.214, 0.293, and 0.370 for pn, bn, and bzn, respectively. The
change in ratio of @versus HO addition suggests that the
addition of the @ molecule is more dependent on the presence
of a highly basic ligand in the complex.

Addition of O, requires a highly undercoordinated V complex;

isolated and stored in a gas-phase environment of He and adventitiousotherwise, more highly ligated systems (beyond the triligated
O.. In b, the species was isolated and stored in a gas-phase environmenWooH(L)] ) would react in a similar fashion. More highly

of He with 0.1% molecular ©

capillaries and ion optics of the ESI mass spectrometer, thus

minimizing the amount of potential GG@H contamination. In
all three trials, the adduct 32 u higher in mass than [VOOH-

(L)]T was observed at relative intensities comparable to those
apparent in Figure 3. Figure 4 shows the results of a separate

trial in which [VOOH(pn)]~ (m/z 139) initially derived from
CID of [VOOH(pn),]™ was isolated and stored in the ion trap
for a period of 100 ms. In Figure 4a, [VOOH(ph)jvas isolated

coordinated systems do not react, which suggests that additional
donor ligands interact with orbitals that otherwise would
participate in @ addition. The selectivity of the £addition

can be qualitatively rationalized using the energy-level scheme
first proposed for the molecular orbitals of the [VQB)4]2"
complex in 1962 by Ballhausen and Gf&y8There are a total

of four molecular orbitals that function asacceptors: the two
lowest are of 3d parentage, and the next two are primarily of
4p parentage. The extra electron of the V(IV) complex occupies

and stored in a gas-phase environment composed of He with® molecular orbital of almost pure Jctharacter. However, in

adventitious HO and Q (i.e., an environment similar to the

the case of triligated complexes such as the [VOOH({(liohs,

one used to generate the spectra in Figure 3). The partial pressur@lY the two lowesto-accepting orbitals are occupied. Left

of O, present in the ion trap when the spectrum in Figure 4a

unoccupied are the two degenerate orbitals of 4p parentage,

was collected is not known, but was determined by the amount Which, in the [VOOH(L)J" ions, would then accommodate the

of ambient air admitted into the ion trap through the ESI source.
To generate the spectrum in Figure 4b, [VOOH(pnyyas

lone unbound valence electron at the V metal center. This orbital
would be expected to overlap effectively with th&orbital of

isolated and stored using a bath gas that was, instead, a certifiedioxygen, enabling electron transfer from the metal center to

blend of He with 0.1% molecular OAs is apparent in Figure
4Db, the product ion atvz 171 is significantly higher than both
[VOOH(pn)(H,0)]* atm/z 157 and the peak at/z 171 Figure
4a. The increase in the peakmaiz 171 when the He/©gas
blend was used identifies the product as a molecujaadduct.
The addition of molecular £o the [VOOH(L)]" species when
stored in the ion trap in these experiments is reminiscent of
similar chemistry recently reported by our groups for ligated
U02+.10

CID of [VOOH(pn)(Gy)] ", once formed by an association
reaction, caused the elimination ok @ form [VOOH(pn)J
and the hydrated form of the ion, [VOOH(pn}@)]*. Isolation
and storage of [VOOH(L)(kD)]* established that a second®
ligand could be added to [VOOH(L)] However, addition of
0O to [VOOH(L)(H20)]* was not observed, even when the He/
O, blend bath gas was used, nor was the exchangeOfforr
O, observed. Isolation and storage of [VOOH(L)D produced
no further adduct species, nor was the exchange,d6H,0O

dioxygen, producing a stable V(V) superoxide complex. What
is not addressed by this explanation is the apparent bidentate
nature of the bound £igand. The observation that more highly
electron-donating nitrile ligands facilitate,@ddition clearly
indicates that additional electron density fosters stronger O
binding.

Generation and CID of [VO2(L);]". As noted in the
Experimental Methods section, a solution for ESI that was
composed, in part, of dissolved VO(NRwas created by first
combining portions of stock VOSQand Ba(NQ), solutions
and removing the BaS(precipitate. Figure 5a shows a high-
resolution (ZoomScan) spectrum highlighting timéz region
containing [VOOH(acny) ™ atmvz 166 and [VONQ(acn)] " at
m/z 211. The spectrum was obtained using a spray solution in
which 7.5 mL of acn was added to the VO(R@containing
solution to replicate the 100:1 (nitrile-to-\Z®) solutions used
to generate the spectra shown in Figures31The hypothesis
tested was that CID of [VONEL),] " would cause the elimina-

observed. These observations suggest that there exist twdion of NO, and the oxidation of V& to VO,", thus producing

coordination sites on the VOOH(L) species for binding ad-
ditional ligands. Upon isolation and storage of [VOOH(L,)]
those two sites can accommodate up to two monodentgde H

a group of complexes that allow for a comparison of the
dissociation behavior of VOOHand VO ions with the same
number and type of nitrile ligands. The normal (lower-resolving-
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Figure 5. (a) High-resolution scan through th#z range highlighting
[VOz(acn)y] ™, [VOOH(acn}]t, and VONQ(L),] . The spectrum was
generated using an ESI solution created by mixing Bajh@nd
VOSOQ,. (b) CID (MS/MS) of [VONGs(L),] . (c) CID (MS®) of [VO_-
(acn)] " initially generated by loss of NOfrom [VONOs(L)2] ™.

power) scan CID spectrum in Figure 5b shows that the CID of
[VONO3s(acn}]* (MS/MS stage) aivz 211 caused the elimina-
tion of 46 u to furnish a single product ion atz 165. The
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Figure 6. CID (MS® of [VO,(L),]", where L corresponds to (a)
propionitrile, (b) butyronitrile, and (c) benzonitrile. In each case, {VO
(L)2]* was generated by loss of N@om [VONO;(L),] .

association reaction was confirmed by monitoring the appear-
ance of the peak 28 u higher in mass after the J{ )" species
had been isolated and stored, without imposed collisional
activation, after being generated by CID of [M@Q),] " (spectra
not shown). However, the relative intensity of the &bdduct

product-ion and neutral-loss masses observed are consistent witlilecreased with increased isolation and storage time, and only a

the formation of [VQ(acn}]* via the elimination of NQ.
Subsequent CID of [V@facn)] ™ (MS® stage, Figure 5c) caused
the elimination an acn ligand (41 u) to produce [M&n)]" at
m/z 124 and a hydrated version of the iomalz 142. CID (MS
stage, spectrum not shown) of [@cn)]" caused the elimina-
tion of the second acn ligand to furnish a peakrét 83, an
ion mass consistent with a composition assignment ofVO

The multiple-stage CID results therefore support the composition

assignments and production of ligated ¥G@om VONGOs. The
intrinsic chemistry of V@' was investigated by Schwarz and
co-workers, who showed that it did not abstract radicals from
either O or organics, a result that is consistent with a singlet
electronic structure. The VO cation was shown to oxidize
olefins to produce aldehydé&$.

As shown in Figure 5c, CID of [V@acn)]™ atm/z 165 led
to the formation of [VQ(acn)]™ and [VOy(acn)(HO)]™ andm/z

weak dependence of the intensity of theadduct on the identity
of the nitrile ligand was observed. The low overall intensity of
the adduct suggests that the Ilgand is weakly bound to [V@
(L)2]™ and is easily removed through collisions with the
background gas in the ion trap. For this reason, further attempts
to characterize the formation of the molecularadiduct using
a He/N blend collision gas were not made.

Although the principal dissociation pathways observed for
[VO2(L)2] " was the elimination of intact nitrile ligands, the CID
of [VOa(bn)]*™ (mVz 221), as shown in Figure 6c, led to two
additional product ions. The first product ion,ratz 206, arose
via the elimination of 15 u. The second,ratz 193, involved
the elimination of 28 u. The reaction pathways most likely
involve the loss of~CHz and CH=CH,, respectively, from
one of the bn ligands. The fragmentation mechanisms of amines
and nitriles tethered to metal centers are known to be coniplex.

124 and 142, respectively. Similar CID behavior was observed The methyl loss would probably require metal insertion into

for the complexes containing pn (Figure 6a), bn (Figure 6b),

the y—d C—C bond of bn, which would be reminiscent of

and bzn (Figure 6c). One notable difference between the CID specific reactions noted for the insertion of ‘Fénto the

spectra generated from [\MQ),]* and those generated from
the VOOH analogues (Figure 3d), is the absence in the
former of an adduct resulting from the addition of. dhstead,

a minor peak £5% relative intensity) was observed 28 u higher
in mass than the [V&JL)] ™ product. We attribute this species
to the formation of a Madduct. At no point during the use of

backbone of longer-chain alkylamine ligarfdsSuch an inter-
pretation draws support from the fact that ¥Ocomplexes
containing the other three nitriles (most notably pn) do not
participate in these fragmentation reactiéfs.

The last noteworthy observation made during the CID of the
[VO,(L)7]* species is that the spectra shown in Figures 5¢ and

our instrument has CO been used as a reagent gas, and we havga—c were generated using the same normalized collision
no good reason to suspect the presence of CO in our instrumentaénergies (25%) employed for the CID of the [VOOH({]")

setup. As with @, however, some Nis expected to be present

complexes and for the spectra displayed in Figure 3. For the

in the ion trap because ESI is an atmospheric-pressure ionizatiofVOOH(acn}]™ and [VOy(acnp]™ complexes, the voltages
method and some ambient air is sampled into the vacuumapplied to the end-cap electrodes using a 25% normalized
chamber containing the ion-trap mass spectrometer. Identifica- collision energy setting were 0.603 and 0.604 V, respectively.

tion of the species as an adduct formed by an-iolecule

For the [VOOH(bn)] ™ and [VOy(bn),] ™ complexes, the applied
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voltages were 0.657 and 0.658, respectively. At comparable organonitrile complexes of the O cation [a V(V) species].
collision energies, it is clear from a comparison of the spectra As in previous research on ligated [YJO (a monocation
in Figures 3 and 6 that dissociation is more facile for the VOOH similarly having a doublet electron configuration), the presence
complexes than for the Vanalogues. The basis for this or absence of donor ligands significantly influences the pro-
conclusion is the fact that the dominant peaks in the CID spectrapensity of the doublet metal center to add dioxygen. The
obtained from the [V@L),]* complexes, at the collision  presence of more electron-donating donor ligands significantly
energies employed, are undissociated precursor ions rather thammcreases the reactivity of the metal center; however, if too many
product ions. For the [VOOH(L)* species, use of the same donor ligands are present, then the addition of dioxygen is
normalized collision energies reduced the precursor ion intensi- halted. The results suggest that only very specifically configured
ties to ca. 10% and resulted in the domination of the CID spectra vanadyl metal centers are reactive.
by the [VOOH(L)}* and [VOOH(L)(H:O)]" product ions. It is In considering the extent of ligation, it is surprising that the
assumed, because of the similarities in the precursor-ion dioxygen adduct did not add an additional water ligand:
compositions and the neutral species eliminated, that the entropyisolation of [VOOH(L)]" led to the addition of either a single
changes associated with the dissociation reactions are compasioxygen or two HO molecules. A self-consistent explanation
rable. The significant differences in the CID energies required is that (a) dioxygen adds and interacts as a bidentate ligand
to activate nitrile elimination might therefore reflect different and hence (b) occupies two coordination sites of the VOOH
bond energies between nitrile ligand and %@r VOOH. This cation. These explanations should motivate a detailed compu-
might be due to a combination of greater-aipole interactions tational modeling study.
between the more highly charged V atom in ¥Cformally
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