5948 J. Phys. Chem. R003,107,5948-5955
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Chromium oxyanions having the general formula@H,™ play a key role in many industrial, environmental,
and analytical processes, which motivated investigations of their intrinsic reactivity. Reactions with water are
perhaps the most significant, and were studied by generatig@ & in the gas phase using a quadrupole
ion trap secondary ion mass spectrometer. Of the ions in ti@ &y envelopey = 2, 3, 4,z= 0, 1), only
CrO,~ was observed to react with,8, producing the hydrated CgB, at a slow rate £0.07% of the
ion—molecule collision constant at 310 K). CyQ CrO,~, and CrQH~ were unreactive. In contrast, £,
Cr,0s~, and CpOsH,~ displayed a considerable tendency to react wit® HCrLO,~ underwent sequential
reactions with HO, initially producing CsOsH,~ at a rate that was-7% efficient. CpOsH,~ then reacted
with a second KO by addition to form GiOgH,~ (1.8% efficient) and by OH abstraction to form;OgHs~
(0.6% efficient). The reactions of @s~ were similar to those of GDsH,: Cr,Os~ underwent addition to
form Cr,OgH,~ (3% efficient) and OH abstraction to form £sH™ (<1% efficient). By comparison, @D~

was unreactive with kO, and in fact, no further D addition could be observed for any of the,GyH,~
anions. HartreeFock ab initio calculations showed that reactive@H,” species underwemtucleophilic
attack by the incoming $#D molecules, which produced an initially formed adduct in which the water O was
bound to a Cr center. The experimental and computational studies suggested@jk, Cspecies that have

bi- or tricoordinated Cr centers are susceptible to attack b®;However, when the metal becomes
tetracoordinate, reactivity stops. For the@H,™ anions the lowest energy structures all contained rhombic
Cr,0O, rings with pendant O atoms and/or OH groups. The initially formed®Cr + H,O] adducts underwent

H rearrangement to gemO atom to produce stable dihydroxy structures. The calculations indicated that
rearrangement did not occur in the jOgH,~ + H,0O] adduct, possibly because the rearranged product could
not accommodate the negative charge.

I. Introduction the surface irradiation event. The influence of the-tamolecule

] ] ] ) ) reactions on observed {kH,~ was noted by Muller and co-
The reactions of chromium oxyanions with water influence qrkers in a recent investigation of Cr speciation using laser

chromium speciation, which in turn affects the reactivity of the desorptiort” Water in particular was suspected to be responsible

resultant species. Altered Cr speciation can result in biological for oxidizing Cr secondary ions observed in desorption ioniza-

and environmental toxicity, and increased mobility in the tion mass spect®2! Water is a potential participant in ion

lithosphere!® which is normally associated with exacerbated formation processes, because it adheres to all metal oxide

: o e oy ; .
gnV|ror&metnta'I1 ”SK' 'I:[he. icuf S|gn|f|<|::;1r(ljcg of spe?gs dsurfaces, and will partition between the surface and the gas phase
ependent chromium ftoxicity has resulted In a sustained;, -5y 40,um  environment. Because desorption ionization

emphasis within the research community to perform sensitive .

speciation determinations on contaminated mineral surffcés involves both the surface and the gas phase, water has the
P SN . . ’ opportunity to participate in reactions with nascent ions being
Desorption ionization mass spectrometry, using either laser

pulsed914.1626 or particle impact§3272° has received particular sputtered from the surface. Hence, an explicit understanding of

. . ; L the role that adventitious water plays in influencing the suite
attention because of the potential for high selectivity and . . S Y
sensitivity of CrOyH,~ ions observed in a desorption-ionization-type

L . . . analysis would be beneficial.
Desorption ionization of chromium oxide-bearing surfaces . S
produces abundant ions having the general formul@,8*~ 27 From a more fundamental perspective, a detailed inventory

The ions observed, and their relative abundances, vary dependrOf _chro_mlum oxyanion rea.Ct'.V'ty.W'th wz_ater would prowd_e
ing on the species being examined. Determination of chromium |nS|ght into the types of moieties likely to _|r_1fluence hydrolysis
speciation relies on correlating the observed ions and their reactlons. occurring under amblgnt condlyons. Generally, un-
abundance with the chemical form of chromium as it originally dercoorqllnated r_n_etal or r_netaIIO|d ed_ge sites are thought to_ be
existed on the mineral surface. This becomes complicated by 299'€SSIVE Ezartlmpgnt; in hydrolysis and cation adsorption
the occurrence of ionmolecule reactions, both aggregative and Processed*2 In principle it should be possible to mimic
dissociative, that occur in the gas phase both during and afterNydrolysis and adsorption processes using gas-phase metal
oxycations and anions because low-coordinag@®Mons can

T Clippinger Labs, Ohio University Center for Intelligent Chemical be easﬂ;; formed by particle or photon desorptlon. In some
Instrumentation, Athens, OH 45701-2979. systems? Surfaces that form abundant metal oxyanions upon

* Corresponding author. surface irradiation tend to contain transition metals from groups
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VB, VIB, and VIIB. In addition to the Cr oxyanions cited above, ion gauge sensitivity); since the ion trap has a fairly open design,
gas-phase Dy~ ions have been generated starting from oxides we believe that this is close to the He pressure within the ion
of V, Mo, W, Mn, and Re?2-40 But little is known about the  trap. The IT-SIMS base pressure was x 1078 Torr.
reactions of the transition-metal oxyanions witbQ{ other than The IT-SIMS* is a modified Finnigan ITMS instrument
the work of Dinca and co-workers, who showed that four (Finnigan Corp., San Jose, CA) that incorporated a perrhenate
different V,Oy~ (x = 1-3) ions would undergo adduct forma-  (ReQ,") primary ion beam, an insertion lock for introduction
tion.32 Their work demonstrated that water reaCtiVity with metal of solid samp|eS, and an offset dynode with a multichannel p|ate
oxyanions was readily investigatable using trapped ion mass detector. The primary ion gun and sample probe tip are collinear
spectrometry combined with desorption ionization (laser de- and located outside opposite end caps of the ion trap. The
Sorption Fourier transform ion CyC|Otr0n resonance mass primary ion gun was Operated at4.5 keV and produced arlReO
spectrometry§? An alternative instrumental approach that has peam with a 1.25 mm diameter at a primary ion current ranging
been employed in our laboratory utilizes an ion trap secondary from 300 to 450 pA. The Rep beam was used because this
ion mass spectrometer (IT-SIMS); in this technique, ions are type of ion beam is more efficient for sputtering larger cluster
produced by bombarding metal oxide-bearing surfaces with jons into the gas phase than atomic particle bombard?iénts
energetic ions, and the sputtered Q4" ions are isolated,  The data acquisition and control system uses the Teledyne
reacted, and analyzed using a quadrupole ion trap. Apogee ITMS Beta Build 18 software that controls routine
Using the IT-SIMS, the reactions of Al and Si oxyanions |TMS functions and a filtered noise field (FNF) system
with H,O were investigated. Sequential dissociative addition (Teledyne Electronic Technologies, Mountain View, CA). Data
occurred until tetracoordinate Si and Al product ions were finally analysis was performed using SATURN 2000 software (version
formedi#2 after which further addition reactions were not 1.4, Varian, Walnut Creek, CA).
observed in the k 107 Torr He atmosphere of the ion trap. The sequence of events for conducting-ionolecule reactiv-
Ab initio calculations showed that @,H,” (M = Al or Si) ity experiments is similar to that utilized in earlier studfés.
possessed rhombic /@, moieties, and that the initial adducts  |5nization times were adjusted to produce an acceptable number
were formed as a result of H-bonding with pendant O atoms, ot jons (signal-to-noise ratia ~100) for reactivity experiments.
which carried the negative charge. The adducts then rearrangecburing ionization the Re® beam was directed through the
to form covalently bound, hydroxylated products. No evidence j,n, trap and onto the chromium oxide target. The ion trap was

for the formation of stable, noncovalent water cluster anions operated with a low mass cutoff of 40 amu. lon isolation was
was apparent. The Si and Al studies also showed dramatic ye formed at the same time as ionization (sample bombardment)
differences in reactivity stemming from apparently subtle 1, 555ving an FNF. The FNF, in which white noise at millivolt
differences in ion composition and structure. For example, the |5 q(s is applied to the ion trap end caps, allows for mass-
reactivity of MeO/H,~ (M = Al or Si) was 1-2 orders of  ggjective ejection of ions whose mass-dependent motional
magnitude greater than that ofH,". Ab initio calculations 04 uencies fall outside a setz range?” The width of them/z
suggested .that this dlffereince was due to low-lying transition range is adjustable using the FNF; however, there is a tradeoff
states available to 8DH; + H.O systems that were not ¢ sejectivity versus abundance; i.e., ion abundance can decrease
available to SiO,H;" ions, but did not provide a satisfactory i, some instances where a high degree of selectivity is needed.

explanation for the Al systems, in which transition states for \ye strove to keep the abundances at adjacent mass¥%sof
Al1O/H," species were comparable to those foiGyH, . These the abundance of the selected reactant ion.

initial Al —Si oxyanion studies demonstrated the utility of the Once th ified ions were formed. r d and isolated
IT-SIMS for describing the phenomenology of metal oxyanion the r((:)e ressst?fet(r:]eereagti;nsaﬁh((l)alw;s ,foll?)r\j\?eed Eaalte?i?]a ed.
reactivity behavior and provided a basis of comparison for the progre . wed by altering
- . the duration of a delay period between the ionization/isolation
present CIOyH,~ studies. . X oo
. event and the ion scan-out/detection event. After reaction, ions
In the present study, the gas-phase reaction pathways of

- . : : were scanned out of the ion trap using a mass-selective
CerVHZ + H0 were eluuda}ted at ion temperatures typical instability scan with axial modulatiotf. Background spectra
of an ion trap (310 K). Relative reactivity was compared by

. L . wer llected for h sampl retracting th mple pr
evaluating rate constants, and insight into the structural and ere collected for each sample by retracting the sample probe

thermodynamic aspects of the salient reactions was eneratetzumdemly to eliminate ion formation from the target. Seven
; ynan pect 9 pectra (each composed of the average of 20 scans) were
using ab initio calculations.

averaged and background subtracted to obtain final peak
intensities. The relative standard deviation between averaged
spectra wast5%.

IT-SIMS Experiments. Gas-phase QD,~ species were Computational Methods. Calculations were performed using
produced by bombarding powdered potassium dichromate the General Atomic and Molecular Electronic Structure System
(Baker Chemical, Phillipsburg, NJ) that was attached (double- (GAMESS)® quantum chemistry program at the Hartréeck
sided tape, 3M, St. Paul, MN) to the end of a 2.7 mm probe (HF) level of theory. The calculations utilized the 3-21G split
tip. The sputtered GO,H,~ ions were then trapped in the IT-  valence basis set with diffuse sp and d shells added to oxygen.
SIMS, where they were reacted with®l, which was admitted Effective core potentials were not used in any of the calculations,
to the vacuum chamber in the following manner: 182M  so all structures are full electron. Vibrational frequencies were
demineralized KO was subjected to freez@ump—thaw cycles calculated for all HF-optimized geometries to ensure that the
to eliminate contaminant gases. A variable leak valve was then transition states had only one imaginary frequency and all other
used to control the admittance of® vapor into the IT-SIMS minima had zero imaginary frequencies. Intrinsic reaction
for ion—molecule reaction experiments,® pressures in the  coordinate (IRC) calculatioA%5!were performed on all transi-
ion—molecule experiments were(1—2) x 107¢ Torr. Because tion states at the HF level of theory to ensure that the reactants,
the ion gauge response for® is nearly identical to B ion transition states, and products occurred on the same reaction
gauge pressures were used without corredfidie helium bath path. To include correlation contributions, single-point energies
gas was operated at a pressure of 10~ Torr (corrected for were calculated with the MglleiPlesset second-order perturba-

Il. Experimental Section
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tion theory (MP2)2 for each HF-optimized geometry. Energies 100+
were corrected using the zero-point energies and from absolute
zero to 298.15 K using HF vibrational frequencies. Thermo-

. . 80
dynamic data calculated have been shown to agree well with
experiment for a variety of transition-metal reactions, especially g
for related complexes and reactidiis®® Without experimental 5 60+

data to compare against, an error for calculated thermodynamic 3 ]
data cannot be determined; however, on the basis of previous‘é 40
transition-metal calculations cited, relative energies between§
structures having similar compositions are expected to be ©

adequate. 20+

Calculation of Rate Constants.The reactions of the isolated 1 l L l l
CrOyH;~ species with HO were measured directly and were 04— Lol L l. S by TRDREY i
described using pseudo-first-order kinetics. A pseudo-first-order 0 5 100 15 200 250 300 350 400 450
approximation was appropriate because the concentratiopf H m/z

was significantly greater than the concentration of the ions, and Figure 1. Anion IT-SIMS spectra of potassium dichromate. lon
hence, the KD concentration remained constant throughout the envelopes corresponding to,CyH,” are observed between'z 84 and
reaction. Uncertainty in the accuracy of theQHconcentration, ~ MZ117, CEOH." betweerm/z168 andmn'z200, and GIOH,~ between

. S . m/z 252 andnvz 268.
especially at low pressure, was felt to be the principle contributor
to the uncertainty of the rate constant calculations. Experiments
repeated at about equivalent®ipressures gave rate constants
that varied+20% relative.

The rgactions ex'ami.ned were accurately described using|| Results and Discussion
pseudo-first-order kinetics, as if they were bimolecular. How-
ever, collisions with the He bath gas, which are needed in an  The negative secondary ion mass spectra of chromium(VI)
ion trap to damp ion trajectories, certainly serve to collisionally OXide species acquired using the IT-SIMS (Figure 1) qualita-
stabilize initially formed adducts, effectively making the reac- tively resembled laser desorptfrand SIMS’ mass spectra
tions termoleculaf® Since rates for vibrational cooling tend to ~ Previously reported, in that envelopes of abundant ions having
be slow?! alternative stabilization mechanisms such as radiative the general formulas @@yH,” and CsO/H,~ were observed.
association may be operati®At any rate, the narrow range !N the CiO/H, envelope, the significant anions and composi-
of operating pressures for trapping the anions in the IT-SIMS tions werem/z84 (Cr(;"), 100 (CrQ), 116 (CrQ"), and 117
((2-5) x 1075 Torr gauge) did not facilitate an extensive (HCrO47). In the CpOyH,~ envelope, the significant ions were
evaluation of the role of the He bath gas in these reactions. ™2 168 (CkO4"), 184 (CiOs ), 185 (CpOsH "), 200 (CEOs ),
Over the range of accessible He pressures, significant variations2nd 201(C#OeH"), and in the C4OyH,~ envelopen/z 252 and
in the measured reaction rates were not observed. This suggeste@®8 corresponded to €D~ and CgO;~, respectively.
that the initially formed adducts were not particularly sensitive 1 he reactions of the chromium oxyanions with®4were
to stabilization by thermal collisions with He. For this reason, Studied by establishing a constant water concentration in the

the reactions were described using bimolecular rate con- ion trap, and then isolating the ion of interest. All of the, Cr
Stantsso.63 species were studied, as were@y, Cr,05~, and CgOg . The

H-bearing Cs species and the gspecies were not examined
because they were sensitive to primary ion dose and it was
difficult to maintain satisfactory abundance of these isolated
ions.

Cr,0H;~ + H20. Four ions were evaluated for reaction with
H,0, viz., CrQ~, CrO;~, CrO,~, and CrQH™. Of these, only
CrO,~ displayed a measurable reaction over 2 s, which was
the maximum allowed by the instrument control software for a

temperature for an ion in a typical trap as calculated by both
Goeringef® and Gronerf?

CrO;7, CrO4~, and CpOs~ all underwent a combination of
consecutive and parallel reactions, which made assignment of
reaction pathways and calculation of individual rate constants
difficult. A multivariate curve resolution (MCR) appro&éhvas
employed to identify reaction pathways in an unbiased fashion.
Reactant and product ion relationships and their general kinetic
behavior were determined using the MCR method SIM-

65 - i . . . . . .
PUSMA' Next, a hard-modeling approach that used an single ionization/reaction/scan-out sequence. Isolation 05 CrO
alternating least-squares (ALS) regres$iénwas employed to (m/z 84) followed by reaction with bD appeared to result in

generate concentration profiles starting from the MCR-derived .o tormation of Cr@ at m'z 100 (Supporting Information):
kinetic model. Finally, a set of kinetic rate equations were fit however, later experiments in which,Qvas the dominant
to the concentration profiles obtained from ALS using the (eactant gas in the IT-SIMS strongly indicated that the £rO
MATLAB 6.1 (Mathworks, Inc., Natick, MA) function FMIN- 554yt jon was due to reaction with backgroung énd not
SEARCH, which uses a nonlinear simplex optimiza®®fthis 1,0, This conclusion was substantiated by ab initio calculations,
method, referred to as the ALS method in this paper, was usedyhich failed to find a transition state for the reaction Gro-
because it eliminated bias in the assignment of reaction pathways,o.
and provided reaction rates that were optimized to the actual |, aqdition to the appearance of GyQ however, a lower
data sets. A comprehensive description of the method is in 3y ndance ion was also observednaz 102, which cor-
preparatiorf? responded to Crébl,~. The kinetic profile (Supporting Informa-
Reaction efficiency was evaluated by comparing measuredtion) indicated that the reactions with,8 and Q were
rate constants with theoretical rate constants calculated usingoccurring in parallel and did not support sequential reactions
the reparametrized average-dipole-orientation (ADO) th&bry. for formation of CrQ~ (i.e., addition of HO followed by slower
The reparametrized ADO constants were calculated using aexpulsion of H). ALS evaluation of the rate constant (Table 1)
reaction temperature (310 K) which was the average ion showed that the reaction was slow and inefficiend,07% of
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TABLE 1: Rate Constants and Efficiencies for Cr Oxyanions Reacting with HO

reaction
reactant product efficiency?
(eq no.) reaction m'z mz Knaiviua™® Kapo™* (%)
CrloyHZ_
CrO,” + H,O— CrOsH, 84 102 2x 10712 2.3x10° 0.1
CrO;~ + H,O — no reaction 100 no reactién 2.2x10°
CrO,~ + H,O — no reaction 116 no reactién 2.2x10°
CrO;H™ + H,O — no reaction 117 no reactién 2.2x10°
CI'ZOyHZ_
(1) CrO4 + H,O — CroOsHy™ 168 186 1x 10710 2.2x 10° 7
(2) CrOsH,™ + H,O — CrOgHz™ + H 186 203 1x 10711 2.2x 10° 0.6
(3) CrOsH,™ + H,O — CroOgH4™ 186 204 4x 10712 2.2x 107° 2
(4) Cr,Os™ + H,O — Cr,OgH~ 184 201 2x 101 2.2x10° 1
(5) Cr,Os™ + HO — Cr,0¢H2™ 184 202 7x 1071 2.2x10° 3
Cr,0s~ + H,O — no reaction 200 no reactién 2.2x107°
Cr,0¢H,~ + H,O — no reaction 202 no reactién 2.2x10°
Cr,0¢H4~ + H,O — no reaction 204 no reactién 2.2x10°

2 Units are crimolecule! s™%. P Rate constants were calculated from kinetic modelfrverage dipole orientation collision constafindividual
as a percentage &fpo. ¢ Reaction rate constantsl x 10712

the reparametrized average dipole orientation collision constant 300
(kapo)-8° The slow reactivity was reminiscent of previous studies a)
of AIO,~ and SiQ™, both of which reacted very slowly with 250+
water despite the fact that the ions were significantly underco-
ordinated!!42 g <M
The other three ions that comprise the @i, envelope § 150
were not observed to undergo any reaction witfOHWe 2
estimated that the slowest reactions observable in the IT-SIMS £ |
used in this study had rate constants on the orderxflD-12 &
cm?® molecule’! s71, and therefore, if reactions are occurring, 50
then they must have rate constants less than this value. The
failure of CrQ;~ to react contrasted sharply with the behavior o+l
of ions in the CsO,H,~ envelope, some of which also have 0 100 110 120 130 140 150 160 170 180 190 200 210 220
trigonally coordinated Cr centers. CfOenjoys considerable mz
stability compared with other gas-phase Cr oxyaniGrand %01
this conclusion was supported by subsequent ab initio calcula- 250 o)
tions. The stability was in accord with the finding that GrO
is normally the most abundant ion in the negative SIMS spectra  ,, 20|
of chromium oxide-bearing surfacés. §
Cr,0OyH;~ + H20. Undercoordinated ions in the &3H,~ 3 150
envelope were more reactive than the Gpecies. At short 2
reaction times, GO, reacted with HO to form the monohy- § 1004
drated species @DsH,~ (m/z 186) (Figure 2, reaction 1). At .
longer times, GiOsH4~ and CpOgH3~ were observed. The mass 50+

spectra also showed lower abundanceGQgr (m/z 200) and |
CrO;~ (m/z 100), which were determined to be due to reaction 0 :

| y
T T T T T T T T T T T 1
90 100 110 120 130 140 150 160 170 180 190 200 210 220

with Oy in the IT-SIMS, and are the subject of a second paper. -
The kinetic profiles are in good agreement with a reaction 300
sequence in which the reactantralz 168 was transformed to
the intermediate atVz 186, which then went on to form product 250+ ©)
ions atnV/z 204 and 203 via parallel reactions (Figure 3). Thus,
Cr,0sHz™~ underwent addition to form @DsH4~ (reaction 3) g 2004
and OH abstraction to form €@DgHs~ (reaction 2). B
é 150
_ ky _ 2
Cr,0, + H,0— Cr,OzH, 1) 5 100
[\
_ Ky _ 50+
Cr,OsH, + H,0— Cr,0;H;” + H ) | | ‘UJIJ
0 | | ] b

K 9 100 110 120 130 140 150 160 170 180 190 200 210 220
Cr,OH, +H,0—Cr,0H, 3 mz
Figure 2. Anion IT-SIMS spectra from association reaction of isolated
Two other conclusions may be drawn: First,Qy~ does not ~ Cr:0s~ (m/z 168) with a HO pressure of 1.3« 10°° Torr. Reaction
appear to participate in radical abstraction reactions, which may times: (a) 0 ms, (b) 80 ms, (c) 1500 ms.
suggest that this ion has predominantly even-electron charactersuch as Si@ and SiQ~ tend to participate primarily in radical
in the valence orbitals. We have noted that odd-electron speciesabstraction reactions, but that even-electron species such as
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1.0+ = m/z168

miz 100
05 miz 186

m/z 200
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Time (s)

0.0 0.2

Figure 3. Kinetic profile and selected ion channel data for parent ion
Cr,04~ (MV/z 168) reaction with excess_B.

SiOsH™ and AlO,~ do not#14273The second conclusion is that
the CrOgH,~ product ions do not participate in further reactions
with water under the vacuum conditions of the IT-SIMS.

The individual rate constants for reactions3 were esti-
mated using the ALS method for the model defined by reactions
1-3. The rate constant for reaction 1 was determined to be 1
x 10710 cm® molecule’® s71, which made the reaction about
7% efficient compared with thé&kapo of 2 x 1072 cm?
molecule’ls™! (Table 1). Reaction efficiencies for reactions 2
and 3 were substantially lower (0.6% and 2%, respectively),
which is in accord with the fact that, as the average coordination
of the metal increases, reactivity decrea®@gs:#2.60.7476

Cr,05~ (m/z 184) also reacted with # forming CpOgH ™~
(m/z201, reaction 4) and @DsH,~ (M/z 202, reaction 5) (Figure
4). The kinetic profile (Figure 5) indicated that reactions 4 and
5 proceeded in parallel,

k,
Cr,0,” +H,0—Cr,OH +H )
_ ks _
Cr,O5 + H,O0— Cr,0O4H, (5)

Relative Abundance

Relative Abundance

Relative Abundance

Gianotto et al.

T T T lI T 1
170 180 190 200 210 220

200

1004

0

160

190 200 210 220

mz

170 180

and an evaluation of the rate constants revealed efficiencies tharigure 4. Anion IT-SIMS spectra from association reaction of isolated
were 1% and 3%, respectively. These values were comparableCr.0s~ (m/'z 184) with a HO pressure of 1.3« 10°% Torr. Reaction

to those determined for the reactions ob@4H,~ with H,0,

and indicated that the presence of H atoms on the periphery of
the molecule had little influence on the approach of the incoming
H,O. This supports the nucleophilic mechanism indicated by
the ab initio calculations (vide infra).

As noted previously, as the average coordination of the Cr
centers increased, reactivity decreasedOdid not appear to
react with any of the GOgH,~ (z = 0—4) ions.

Ab Initio Calculations. Further understanding of the,CyH,~
+ H,0 reactions was generated using ab initio calculations at
the Hartree-Fock level of theory. One limitation of this
approach was that reaction coordinates were only calculated for
ground-state molecules: in actuality, the ions in the trap
occupied a range of vibrational states and kinetic energies, which
implied that the reactivity observed could be different from what
was calculated. Nevertheless, the calculations complemented the
experimental studies because they provided probable low-energy

Mole Fraction

1.0+

0.8

B A X O X%

times: (a) 0 ms, (b) 100 ms, (c) 600 ms.

miz 184
m/z 200
m/z 201
m/z 202
m/z 216

X
ix
.

Time (s)

structures and relative thermodynamic values for reactants andrigure 5. Kinetic profile and selected ion channel data for parent ion
products. The computational results should be in qualitative Cr.0s~ (m/z 184) reaction with excess:B.

accord with the experimental observations.
For the reactions of Cr9, CrO;~, CrOs~, and CrQH™ with

connected them with products (G, CrOH,~, CrGsH, ™,

H,0, realistic transition states could not be located which and CrGQHs3™, respectively). In the case of CQ high barriers
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Figure 6. Ab initio structures calculated for the reactions of (1,@r + H,O — Cr,OsH;~ and (2, 3) CsOsH;~ + H,O — Cr,OsH4~ and
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Figure 7. Potential energy surface (PES) for the reactiongOgr +
H,O — Cr,0OsH,~ and CpOsH,~ + HoO — CrOgHs™ — CrOgHs™ +
H. The associated structuras-h are shown in Figure 6.

prohibited formation of addition adducts. For GrQ CrO,~,
and CrQH™, stable products could not be identified.

(f). Furthermore, formation af was~4 kcal mof* endothermic
relative to the reactan$ + H,0O, andg was found to be~9
kcal moi~! above the adduct. The energetic considerations
suggested that hydrogen rearrangemem refsulting in forma-
tion of g was probably not occurring: the ions have inadequate
kinetic energy’® and there was probably ample opportunity for
the reactantl and/or adduce to dissipate vibrational/rotational
energy left over from reaction Ja(— d).

The origin of the 19 kcal mot transition-state barrier for
the conversion o€ to g posed an intriguing question, because
the reactione — f appeared to be very similar to — c in
terms of the atoms involved and the overall geometry. However,
a comparison of the negative charge densities found on the two
reactant ionsa andd showed a lower charge density on the
pendant O atom i than was found ire, where the higher
symmetry ina may allow better localization of the charge on
the pendant oxygens. Conversely,dnthe rhombic oxygens
(Ormombig carried a higher charge density, which led to formation

When CpO,~ was modeled, a cyclic structure containing a of a relatively strong H-Omombic bond (1.61 A) ine. This
rhombic CsO, moiety with two pendant O atoms emerged as contrasted withp, in which a H-Orhombicbond was not formed.
the lowest energy structure (Figure 6). This result was consistentInstead,b underwent H rearrangement between two pendant

with the recent DFT calculations of Xiang and co-workgérs,
who concluded that, for neutral £ species, the rhombic

gemO atoms via transition statg which required the twgem
O atoms to rock close to one another. A similar rearrangement

structure was more stable than any alternative by nearly 3 eV/in the [CrOsH, + H,O] transition state f§ would be

molecule. The initial [CO4 + H,O]~ adduct p) was formed
by an exothermic process-6 kcal mol?) in which the water

energetically more demanding, because theGQdominic bond
would have to be broken to enable the water to rock into the

O atom approached a Cr center, i.e., a nucleophilic attack ontransition-state geometry. This may explain the augmented
the Cr. This mechanism was very different from that calculated energetic requirements for reaching transition-state

for the addition of HO with AlO,~ and SiQ: in these

A surprising result of the calculations was that the relative

reactions, the initially formed adduct was a H-bound structure, AH; calculated for the bis-dihydroxy structugegfor CroOgH4~

and the (Al or Si)-O bond was not formed until after the
formation of the H-bound adduct.

After formation ofb, a H atom was transferred to tgemO
atom, producing gemdihydroxy structure for GOsH,~ (d)
via a low-lying transition statecf. The overall reaction was
calculated to be about 36 kcal mélexothermic (Figure 7).

was ~9 kcal mol! greater than that fore. This contrasted
sharply with the calculations fds andd, which showed that
the AHs for thegemdihydroxy structurel was>30 kcal mot?
lowerthan that ob. On the basis of past calculations performed
for Al and Si systems, the latter result seems to be typical. The
AH; of the bis-dihydroxy structurg may be greater than that

The poor reaction efficiency suggested a steric impediment to of e because there is no obvious place to localize charge in
the reaction (instead of a transition-state barrier): this may (i.e., no pendant O moieties).

support the proposed mechanism involving nucleophilic attack  The formation of CfOgHs~ (h) is clearly indicated by the

by water in the formation of the initial addulof which may be

mass spectra, and the kinetic analysis shows that it is formed

inefficient because end-on or side-on approaches would bein parallel with CsOgH4~ (Figure 3). Calculations showed that
expected to result in repulsion by the high electron density the AH; of Cr,OgHs~ + H was 11 kcal moi! endothermic

associated with the pendant O atoms of theQgr reactant
(@).

Once formedd reacted with a second;B, which approached

compared with the reactants £sH,~ + H0O, and if the
precursor ion is GOgH4~, then the aforementioned 19 kcal
mol~! transition stateé would have to be surmounted. If this

the remaining trigonally coordinated Cr atom to form the were indeed the reaction pathway, then only those ions having

[Cra0sH, + H,O]~ adduct €). Consistent with the initial KD
addition reaction, this process wa$ kcal mol! exothermic.
Transition to the bis-dihydroxy @DsH4~ product §) required
surmounting a transition-state barrier that wak9 kcal moi™?

residual vibrational energy from reaction 1 would form the
Cr,06H3™ ion. This explanation would be consistent with the
kinetics if the elimination of H were much faster than the
bimolecular processes; i.e., slow formationgfollowed by
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Figure 9. PES for the reactions €s~ + H,O — Cr,O¢H,~ —
Cr,06H™ + H. The associated structuresm are shown in Figure 8.

very fast elimination of H to fornt from a fraction ofg would
appear as parallel processes in the kinetic plot. Elimination of
a H radical fromeis another possibility that cannot be excluded.
No transition state could be identified for expulsion of H from
eithere or g.

Ab initio modeling of the reaction of GOs~ (i) with H,O
resulted in formation of a [GOs + H,O]~ adduct |) that was
about 9 kcal moi! more stable than the reactants (Figures 8
and 9). This value was very consistent with the exothermicity
noted for the formation of the initial adducts and e. The
calculated structure suggested that addliitely contained a
H—Orhombic hydrogen bond (1.79 A) which may be a conse-
quence of charge density localized on the rhombic O atom
(similar to €). From this point on the potential energy surface
calculations suggested thaR6 kcal mot! would be required
to go to thegemdihydroxy structurd via transition statek.

Since these energetic requirements were unlikely to be met, this

reaction does not occur, but addyetas evidently sufficiently

stable to survive scan out and detection, thereby accounting for

the ion observed atvVz 202.

Even though the height of transition stake prohibits
formation of thegemdihydroxy structure for Cr,OgHz™, it was
noteworthy that theAH; for | is ~15 kcal mot? lower than
that of j. Thus, the order of stability was reversed compared
with the AH; order for thegemdihydroxy and adduct structures
in the CpOgH4~ system (structures and g). The difference
may be due to the fact that, in the OgH,~ system, there are

Gianotto et al.

that of the adducit. However, there must be a barrier (not yet
identified); otherwise the addug¢twould not be observed at
all.

IV. Conclusions

The present studies of Cr oxyanion reactions witbOH
showed a wide range of reactivities. All{CyH, species were
unreactive under the conditions of the ion trap, except for,CrO
which underwent a very slow reaction of water addition. This
suggested that reactions of small Cr oxyanions wit® Hre
not important in the formation of large clustéf$! However,
this conclusion was tempered by the observation that these
reactions were studied at 310 K (estimated), and rates and
reaction channels may be vastly different at higher temperatures
typical of a particle or photon impact zone. In contrast to the
Cry species, the GOyH,~ species reacted slowly with& as
long as Cr centers having coordination less than 4 were
available. This observation was in general accord with the
conclusions of Castlem&hand Squire® regarding the reactivity
of undercoordinated metal centers.

The behavior of the undercoordinatedQyH,~ implied that
reactive chromium oxide centers require at least two Cr atoms,
even if one of the metals does not directly participate in the
reaction. This conclusion was similar to that for small Si and
Al oxyanions, in that Siand Ab oxyanion species were much
more reactive than were Sand Al species. However, in the
reactions of the Siand AL oxyanions, both metal atoms
participated: HO addition reactions occurred across the rhom-
bic MO, moieties. In the case of the £oxyanions, HO
addition occurs in a geminal fashion.

The approach of the reactant,®l to the Cg oxyanions
presents another interesting contrast with the previous studies
of the Al and Si oxyanions. In the reactions of the Gxyanions,

H»0 behaves as a nucleophile, and the initial approach involves
attack of the HO oxygen on the undercoordinated Cr center.
Stable hydrogen-bound adducts were not identified by the ab
initio calculations, which differed from the behavior modeled
for H,O approach to the Si and Al oxyanions. In the Si and Al
examples, the initially formed species was a hydrogen-bound
[M,Oy + H>OJ]~ adduct, which then rearranged to produce
vicinal dihydroxy products. At present, it is not understood why
the Cr oxyanions do not form stable hydrogen-bound adducts,
instead preferring to behave as negatively charged electrophiles.
However, this computational phenomenon may be in accord
with the low reaction efficiencies determined experimentally.
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