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Intracluster lon —Molecule Reactions of Ti with Methanol Clusters
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The intracluster iorrmolecule reactions occurring within the titanium/methanol heterocluster ions are studied
using a simple cluster source based on the mixing of the laser-ablated plasma with the supersonic expansion
of a methanol vapor seeded in Ar carrier gas. The product ions are detected using a reflectron time-of-flight
mass spectrometer. The mass spectra exhibit a major sequence of cluster ions with the fo(@tkO}i(CHs-

OH),, which are attributed to the hydrogen elimination reactionH or —H,) of Ti* ion within the
heteroclusters. In addition, heterocluster ions of the typ&éCH;0)(CH;OH), and Tif(CH30)3(CH3;OH),

also emerge throughout the observed mass spectra, indicating that consecutive H-eliminations biothe Ti
occur for up to three methanol molecules. The results from isotope-labeling experiments suggest that
H-elimination is the reaction path for-€H bond breaking in Ti—methanol heteroclusters. The observed
TiOH™ and TiO' ions are interpreted as arising from the insertion dfidns into the G-O bond in CHOH,

followed by CH:- and CH-elimination, respectively, from the [HOTi*—CHjg] intermediate. The experiments

also show that the chemical reactivity of heterocluster ions is greatly influenced by cluster size and argon
stagnation pressure. The reaction energetics and formation mechanisms of the observed heterocluster ions
are also discussed.

I. Introduction subject of previous investigations. Castleman and co-workers
reported insertion reactions of Tions into the G-H, C-0,

and O-H bonds of methanol, producing TiQ TiOH*, Ti-
(CH20O)™, and Ti(CHO)*" as the primary reaction produdé.
Detailed knowledge of which bonds in the gBH molecules

are activated by the Tiion is a primary motivation for much

of the present work.

Numerous studies on the chemical reactions of transition
metal ions with various molecules in the gas phase have been
carried out to clarify the catalytic activity of metal ions as well
as the mechanisms and intermediates in many important
organometallic reaction's” The study of the gas-phase chem-
istry of these ions can provide information about their intrinsic

chemical and physical properties and can contribute to a better AlihOUQh (;he;e fhave db_een nunr:erou_s |n|vest||gat|0nt§ of the
understanding of their behavior in the condensed phase. For'€action products formed in gas-phasesonolecule reactions,

instance, the reactions of Tivith small alkane molecules have there are few reported cases of chemical reactions taking place

been studied using a flow tube technique. The most intriguing vv_ithi_n the heteroclu_ster ion itself. The study of the product
finding of those studies is that Tis very active in the breaking dlstrlputlon of_metal 'OHSOIV?m. heteroclust_ers provides valg-
of C—H bonds, leading to the dehydrogenation of the alk&neés. able information on the variation of reaction pathways with
The alkanes were observed to be cleaved by the metal ion in'"¢"€asing cluster size, reflecting the transition from gas-phase

an oxidative-addition reaction, which was explained by either reac_tjrons to solution-phase reactlons.ﬂnolecgle reactions
a C—H or C—C insertion mechanism. of Ti* with me_thanol clusters h_ave been studied by Sato and
Gas-phase bimolecular reactions of With water at thermal co-workers using a laser ablation-molecular beam method.

energies have been studied by Castleman and co-workers usin heyt§ugge?ted ttT]at tretellrr:jlnatlonlof a hgdrogcérleqlecule
a selected ion drift tube technique coupled with a laser reaction 1) from the clustered complex ions TGH:OH)n is

vaporization sourc& They attributed the presence of the the dominant process producing the fragment ionS(@Hs-

primary product ion Ti® to Ti* insertion into the G-H bond, OH)n-1CHO:

forming an H-Ti"™—OH intermediate. The dehydrogenation

channel proceeds from the intermediate by hydrogen migration Ti' (CH;OH),, —

to form Hy—Ti™—0O, which then loses pto produce TiO .13 Ti*(CH,OH). ,CH,0 + H, + (m— n)CH,0H (1)
Armentrout and co-workers have also studied the reaction of 7 e 2 3
Ti* with H,O using a guided ion beam tandem mass spectrom-
eterl* They, however, suggested that elimination from the
H—Ti*—OH species occurs through a four-centered transition
state.

The substitution of one H atom in,® by the more bulky
CHs; group is expected to alter reaction pathways, because ther
are three different chemical bonds<@&, C—0O, and O-H) in
the CHOH molecule. The Ti + CH3OH system has been the

In a recent study of the reactions of laser-generatedwiith
methanol clusters, EI-Shall and co-workers reported that the
major Ti™-containing ions correspond to the sequence T@H;-
OCHg)(CH3OH),, which they attributed to the catalytic conver-
esiolrfl3 of methanol dimer into dimethyl ether by TiQreaction

2).

Ti"(CH,OH),,— TiO"(CH;OH),,_, + CH,—
TiO"(CH;OCH,)(CH,OH), + H,0 (2)
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Figure 1. Schematic diagram of the experimental setup for the laser ablation-molecular beam source coupled with a reflectron time-of-flight mass
spectrometer.

The above studies raise the interesting question as to whethebeam. This means there are many metastable excited-state Ti
Ti™ ion is primarily oxidized to form TiO (reaction 2) or in the metal reactant beam. The laser-ablated metal ions
primarily inserted into the methanol molecule followed by perpendicularly cross the expansion stream 1 cm from the target,
H-eliminations within the heteroclusters (reaction 1). The where they react with the methanol clusters. The clusters are
reliable identification of these reaction products is important skimmed ly a 1 mmconical skimmer and cooled collisionally
for understanding the catalytic reaction mechanism. Despite theas they travel down the detection region, which is pumped by
significance of these reactions and the effort that has been puta 300 L s?! turbomolecular pump. The nozziskimmer
into their study, general agreement as to the reaction pathwaysdistance is 4 cm. The resulting pulsed beam with pulse duration
of even the simplest reactions has not been reached. The studypf about 200us enters the extraction region of a RTOFMS,
of the specific chemical dynamics of reaction within a cluster placed 10 cm downstream from the nozzle. Under usual
ion is especially interesting because it is possible to directly operating conditions, the pressures in the source and detection
observe how chemical reactivity changes as a function of chambers are always below 3 10°% and 5 x 1077 Torr,
stepwise solvation, simply by monitoring the changes in reaction respectively.

channel versus the cluster size?° We study the positive ions that are produced directly from
The general objective of the present work is to investigate the plasma/reactant gas mixing without the use of postionization.
the reactivity of Tt with respect to the breaking of the-G, Following a delay of typically 56200 us after the laser shot,

C—0, and O-H bonds in methanol molecules within the the positive ions are extracted by+e2200 V pulsed electric

heterocluster ions. To probe the cluster reactivity, we examinedfield, applied to the repeller. The ion extraction pulse (Directed
the reactions using a combination of laser ablation and Energy, Inc., GRX-3.0K-H) has a rise time of 40 ns and duration
supersonic gas expansion. In this study, partially deuteratedof 1 us. The delay times between the valve opening, the laser
methanol is used to elucidate the reaction mechanisms forfiring, and ion extraction pulse are adjusted to obtain the
methanol activation by Ti Studies of the reactivity of = maximum signal intensities of heteroclusters. The accelerated
titanium—methanol heteroclusters as a function of Ar stagnation ions then travel throdga 1 mlong field-free region, which

pressure and cluster size also aid the understanding of theterminates at a double stage reflectron (R. M. Jordan Co.) located
influence of solvation and the nature of the H-elimination atthe end of the flight tube. From the reflectron, the ions travel

reactions of the Ti ion on a molecular level. an additional 64 cm back to a 40 mm microchannel plate (MCP)
detector. The mass spectrum is recorded by a 500 MHz digital
Il. Experimental Section oscilloscope (LeCroy 9350A) coupled with a personal computer.

For acceptable signal-to-noise ratios, all mass spectra in the
present experiment were obtained by a cumulative collection
of 1000 laser shots at a repetition rate of 10 Hz. Spectropho-
tometric grade CkEDH (99.9%) and CHKOD (>99.5% D)
I(Aldri(:h Chemical) were used after further purification in a
series of freezepump-thaw cycles to remove dissolved
atmospheric gases and other impurities of high vapor pressure.

A schematic diagram of the laser ablation-molecular beam
(LA-MB)/reflectron time-of-flight mass spectrometer (RTOFMS)
is given in Figure 1. It consists of two differentially pumped
chambers: the source and the detection regions. Reactagit (CH
OH), clusters are introduced through a pulsed nozzle (General
Valve; 0.8 mm orifice diameter) in the source chamber, which
is pumped by a 2000 L8 diffusion pump fitted with a water-
cooled baffle. Argon carrier gas is bubbled through a reservoir
containing the liquid methanol at room temperature. After
opening the valve, the third harmonic output (355 nm) of a A typical TOF mass spectrum of the products of reaction
Q-switched Nd:YAG laser (10 ns pulse width) strikes the between Ti and methanol clusters is displayed in Figure 2.
rotating solid Ti target located 2 cm downstream from the The spectrum was obtained using a laser pulse energy of 15
nozzle. The laser beam was focused by a 35 cm focal lengthmJ/cn? and an argon stagnation pressure of 1 atm. We observe
lens to a spot size o1 mn?. The laser fluence at the target a pentad of peaks corresponding to the Ti isotop&s, (8.0%;
surface was varied in the range4000 mJ/cm. There is no 4TTi, 7.3%;%8Ti, 73.8%;%°Ti, 5.5%;5%Ti, 5.4%)?2! the intensities
cooling of the Ti ions until they encounter the Ar/methanol of these isotopomers reflect their natural abundance. In the low

Ill. Results
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Figure 2. Time-of-flight mass spectrum of the cluster ions produced Figure 3. Time-of-flight mass spectrum showing the product ions in

from the reactive collisions of laser-ablated End methanol clusters  the low-mass region from the reactions of" With (CHsOH).: A,

seeded in 1 atm AmM, denotes (CBOH),H* ions. The laser fluence Ti*t(CH30H),; My, (CH;OH)HT; Qp, TIOH(OCHg)(CH3OH),. The peak

is 15 mJ/cr. labeled as * is for Ti(OCH)a.

mass region, the mass spectrum exhibits a major sequence ofndependent of the laser fluence (i.e. it is independent of the
(CHsOH).H* cluster ions (labeled adl,), which can be cluster distribution produced by the reactive collisions), indicat-
attributed to protonated clusters formed by the protonation of ing that the Tf(OCHg)(CHsOH)s ion has a particularly stable
the generated parent cluster ions. Similar results have also beegeometry. Detailed structural information is not yet available
reported in electron impa@?3 and multiphoto®* ionization for the Tit(CH3OH), cluster ions. This observation is consistent
mass spectrometry_ These Species presumab|y derive froleth the flndlng of El-Shall anq co-worke¥sthat the structure
electron impact ionization by the free electrons escaping from Of the Ti"(OCHs)(CH;OH)4s ion can be regarded as an
the expanding plasma of laser ablation. octahedral geometry involving a core 3Tiion with two
The characteristic abundance of Ti isotopomers, as observedcovalently bonded OC# ligands. The evidence for this
in the mass peak of the Tiion, enables its complexes with ~geometry is addressed later in this paper.
methanol clusters to be readily identified. Hereafter, the Tiwe  T0 unambiguously identify the product ions formed from the
refer to is the most abundatfiTi isotope. The prominent peaks  intracluster ior-molecule reactions of T(CH;OH),, we per-

in the high-mass region consist of “TDCHz),(CHs:OH), formed the mass assignment for the low-mass region. Figure 3
heterocluster ions with the characteristic size distribution. Shows a detailed view of the TOF mass spectrum for cluster
Though these peaks appear to fit the formuld(THz;OH)n, ions smaller than Ti(CHs;OH)s. The dominant cluster ions

careful mass analysis of the spectrum reveals that these peak§0nsist of a series of heterocluster ion$(DCHg)m(CHsOH),

in fact correspond to T(OCHs),(CH3OH), ions, formed from (M= 1—3 andn = 0-3) produced from the intracluster ien

the hydrogen elimination reactior-H, or —2H) of Ti*(CHa- molecule reacti(_)ns,_ whe_re OGHb th_ought to be _covalently
OH), ions. These methoxy-rich fragment ions are observed with bonded to the titanium ion. These ions can be interpreted as
up to 30 methanol units in the present experiments. This resultthe outcome of sequential H-elimination reactions.

implies that the Ti ion reacts with CHOH molecules solvated

within the heteroclusters. The intact cluster ion$(QH3zOH), [Ti(CH;OH),]* — Ti"(OCH,)(CH;OH), ; + H (4)
stem from the association reaction betweeh dind methanol -

clusters, possibly followed by evaporation of methanol mol- — Ti"(OCHy),(CH;OH), , +2H  (5)
ecules.

— Ti"(OCH,)4(CH;0H), s+ 3H (6)
Ti™ + (CHOH),,— [Ti "(CH,OH), ]* —

Ti"(CH;OH), + (M — N)CH,OH (3) A surprising implication of this series of cluster reactions is
that H-elimination in CHOH by the Tit ion is possible for up

The methanol evaporation results from the excess kinetic energyto three methanol molecules. This is consistent with the mass
of the laser-ablated Tiions and also from the exothermicity —spectral data, which show peaks corresponding to the loss of
of the ion—molecule association reactions. Titanium has a lower one, two, or three mass units from the parent ioh(CH;OH),
ionization potential than methanol. IP values are 6.82 and 10.85(denoted as\,). With isotopically unsubstituted methanol, mass
eV for Ti and CHOH, respectively. Hence, the positive charge spectral measurements cannot distinguish between methoxide
in the heterocluster is expected to reside on Ti, once the complex(—OCH;z) and hydroxymethyl{CH,OH) products, the former
is formed in the source. Evidence for this claim has been resulting from G-H cleavage, the latter from-€H cleavage.
provided by several beam experiments on the formation of the As discussed later, the isotope exchange experiments allow us

metal ion-organic molecule or-rare gas cluster®:26 to determine that the observed loss of a single mass unit arises
One of the interesting features of the mass spectrum of thefrom O—H bond cleavage.
heteroclusters is that the intensities of the (MCHg)x(CHs- As an alternative interpretation of the mass spectrum, it might

OH), ion exhibit a local maximum ah = 4. This finding is be suggested that successive H-elimination reactions occur on
constant over a wide range of stagnation pressure and is alsa single methanol molecule, resulting in the product$diH,0)-
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(CH30H),-;and Ti"(CHO)(CHOH),—;. Sato and co-worke¥s

observed the elimination of hydrogen molecules to give fragment

complex ions TT(CH,0)(CHsOH),-1, in addition to the forma-
tion of clustered complex ions T{CH;OH),. An especially
interesting question that arises in the reaction of Wiith
methanol is whether the Tion abstracts three hydrogen atoms
from the same methanol molecule or from three different
methanol molecules within heteroclusters. If thie 141 peak
(labeled with an asterisk, *) in Figure 3 corresponds to
TiT(CHO)(CHOH), instead of TT(OCHg)s, for instance, ions
with the cluster composition T{CHO) and Ti(CHO)(CHs-

OH) should also be observed, considering that the cluster

population decreases exponentially with its size. The total

absence of such ions in the mass spectrum strongly implies that

the me = 141 peak corresponds to the TOCHs)z ion. The
observation of TIOCH;z, Tit(OCHs),, and Ti"(OCHg)s product
ions along with their methanol complexes also support our
conclusion that these cluster ions derive from sequential
H-eliminations from the OH group of distinct GAH mol-
ecules, rather than from the GHroup of a single CkDH
molecule.

Further analysis of the mass spectrum reveals other reaction

products with much smaller intensities. The observation of a
mass peak corresponding to the TiQon is particularly
intriguing. The formation of TiO is not surprising in the sense
that Ti* does form a very strong bond to oxygen atcth@ne
might speculate that the TiOions arise from the Ti target
materials we used. To clarify this question, pure Ar gas was
expanded in the absence of methanol reactants. In the resultin
mass spectrum, Tiand TitAr, (n = 1—20) are the only ion

signals and no other metal oxides or metal clusters are detected

demonstrating that TiOions are not produced from the oxide
surface of the Ti target. In addition, when the £LHH vapor is
combined with the Ar carrier gas, a reproducible Ti©on signal

is observed during the repeated laser-ablation pulses on the T

target. This also supports the suggestion that™Ti@mation
arises from the reaction of Tiwith methanol clusters. There
are then two conceivable explanations for the formation of the
TiO™ ion, both arising from Ti insertion into a GO bond to
form an [HO-Tit—CHpg] intermediate. One explanation is that
TiO* formation results from a four-centered elimination of £H
from this intermediate. A second explanation is that Ti®
CH, products arise from the intermediate by hydrogen migration
to form an O-TiT—CHjz(H) transition state, then by elimination
of CHs. A more detailed discussion is provided later in this
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Figure 4. Time-of-flight mass spectrum showing the product ions in
the low-mass region from the reactions of With (CH;0D), seeded

in 1 atm Ar: A, Tit(CHzOD)n; My, (CHsOD)D™; Py, TiOT(CH3OD)y;

Qn, TiIO"(OCHg)(CH3OD),. The laser fluence is 15 mJ/ém

OD),—2, and Ti"(OCHg)3(CHs0D),—3 peaks, which can only
correspond to ©D cleavages from the association complex
TiT(CH30D),. This result is in good agreement with the data
of Lu and Yang?® who claim that the hydrogen atom elimination
channel of Mg with methanol clusters leads to product ions
with apparent stoichiometry MgOGH(CH3zOH),. In addition,
the formation of TH(OCHs)3(CH3OD),* ions also supports our

gprevious conclusion that H-elimination due to the Tn occurs

from separate methanol molecules.

' The TiOD' formation channel is clearly observed in the £H
OD system, whilg8TiOH™ (m/e = 64.9479) and (CEDH),H™"
(m/e = 65.0447) ions are difficult to distinguish due to their

ialmost identical masses when gbH clusters are employed

(see Figure 3). The formation of TiODion is primarily
attributable to the Chlelimination reaction from the [D©
TiT™—CHjg] intermediate formed by Tiinsertion into a GO
bond in a methanol molecule. The formation of metal hydroxide
ions from methanol has been observed in other metal ion
systems, including M2° Fe™,20 and Sr,3! coinciding with the
elimination of CH. Since the CH—-OH bond energy is 92.4
kcal/mol?! and the binding energy of T+OH is 111.1 kcal/
mol 32 we estimate that the ground-state reaction forFiCHs-

OH — Ti"—OH + CHg is exothermic by 18.7 kcal/mol. This

is consistent with recent results for the reactions of alkaline earth

paper. The observation of a relatively large peak in the mass i ata] jons with methanol, which show exothermic reactions that

spectrum corresponding to TIQOCHz)(CH3OH), (denoted as
Qn) indicates that the H-elimination reaction proceeds via
intracluster reactions involving TiDand methanol clusters.

readily occur in the gas pha&&Further, it is noted that peaks
corresponding to Ti®(CH;OD), and TiO'(OCHz)(CHsOD),
ions (labeled a$, and Q,, respectively) also emerged with

The isotope substitution experiments with deuterated methanolnegligible isotope contribution from the neighboring peaks. This

provide additional evidence that is important in understanding
H-elimination within the heteroclusters. We employedsOB

result indicates that TiO formed from the ioA-molecule
reaction Ti" + CH3OH can undergo subsequent H-elimination

in order to resolve overlapping ion peaks with the same massreactions with methanol within the clusters.

but different chemical composition, such as in the case of the

peaks for TiOH and (CHOH),H* ions in the mass spectrum

To investigate the solvent effect of argon atoms on the
abundance distribution of heterocluster ions, the mass spectrum

of Figure 3. Study of Ti reactions with (CHOD), also enables  was taken at different stagnation pressures. Figure 5 shows the
us to determine if the peaks appearing at multiple mass unitsmass spectra obtained when neat methanol (125 Torr) is
lighter than the parent ion are from the loss of multiple H atoms expanded or seeded in argon buffer gas. Each spectrum covers
from the CH group or from sequential D-eliminations of OD  the same mass range, which has been chosen to show peaks
groups within the heteroclusters. The mass spectrum for the corresponding to Ti(OCHs)m(CH3OH), clusters (7< m+ n
reactions of Ti with (CH3;OD), obtained with a laser pulse =< 9). When methanol vapor seeded in 1 atm argon is expanded
energy of 15 mJ/cAand an argon stagnation pressure of 1 atm (Figure 5b), the H-, 2H-, and 3H-elimination products are

is presented in Figure 4. Our data clearly show the 2 amu observed, with the 2H-elimination process dominant. As the
spacing between the TIOCHz)(CHzOD)n-1, Ti"(OCHs)2(CHs- argon stagnation pressure is increased, however, the solvation



lon—Molecule Reactions of Tiwith CH3;OH Clusters J. Phys. Chem. A, Vol. 106, No. 11, 2002469

/L

G, c, (a) P, =4 atm 7
CH
C7
J Ww € T

'

5
— —— ————————— g
€ b)yP_=1atm ©
= C, c, ()P, <
g |D c @
— 4 7
= Bs M, Ds D E
2 ¢ B, i c
=] M 3 £
c A 10 S
ko] 7 A, A, = Mzu
< D, C, 21C A
s o T T T T T v T A, 18 Ay
- ! (c) neat CH,OH

T T T . T T T
86 88 90 102 104 106
Time-of-flight (us)

65 T 70 " 75 Figure 6. Time-of-flight mass spectrum showing two regic_ms of the
Time-of-Flight (us) cluster ions produced by reactive collision of laser-ablateédafid CH-
OD clusters seeded in 1 atm AA,, Ti*(CH;OD),; M, (CH;OD),D*;
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B, Ti*(OCHs)(CHz:OH)n; Cn, Ti*(OCHs)2(CHsOH)r; D, Ti*(OCH)s-

(CH:OH). evaporation is a result of the excess energy available from the

exothermicity of the intracluster iemolecule reactions.
of Ti™ ions by neutral methanol molecules becomes unfavorable, - f‘(?:l:hg S;usctlirs tselrz?orlgc[)eeac%errs{e: i::?)véev:rgbtlZevx;i?rgetnhsc;tsliso?f
due to the lower percentage of methanol in the3;OH/Ar - s~ =n . . P
: . Ti"(OCHgz)2(CH30D),y—2 ions. This phenomenon, known as

mixture. At 4 atm pressure, the overall spectral pattern is d itching” b di dv of th .
different from that at low stagnation pressure:(DCHz)3(CHs- product switching’, was observed In a study of the reactions
OH). i labeled ash bstanti | q 4 i Mg* + (H,0),, where forn > 15 Mg"(H,0), is the dominant

o fons (labeled asD,) are substantially decreased in species, with only very small quantities of the M@H)(HzO)n-1

abundance, whereas the same ions show a considerable contrig, i L
. ’ i eries preserit These results show that the reactivity of the
bution compared with the T(OCH;)(CH:OH)s (labeled asy) Tit ion diminishes with increasing solvation by methanol

and Tﬁ_(OCHS)Z(CH?’OH)_” (labeled _alsC?) spe_cies at l_OW Ar molecules. This apparent quenching of H-elimination reactions
stagnation pressure. This observation is easily e>_<pla|ned by_theiS attributed to increased stabilization of TCHsOH), cluster
solvent effect of the noble gas. In general, at high stagnation jong with an increase in the degree of solvation. Another
pressure there are more argon atoms than methanol moleculegossiiity is that the methanol molecules surrounding the metal
in the heterocluster and the reaction probability of the idh ion create an energy barrier in the reaction pathway for
with methanol is greatly suppressed by the argon moiety. The _glimination. Because the capability of hydrogen atom trans-
effective cooling of heterocluster ions formed from the super- port after O-H bond cleavage is greatly reduced within such a
sonic jet at high stagnation pressure would also contribute to tightly packed solvent cage, the trapping probability of hydrogen
the decreased chemical reactivity. With an expansion of neatatom eliminated from CEDH is expected to increase with
methanol vapor in the absence of Ar gas, a very distinctive increasing cluster siZ.The consequence is that H-elimination
feature appears, as shown in Figure 5c. The methanol moleculegeactions may be suppressed in sufficiently large clusters.
solvating around the Tiion have a higher chance of reacting

with the Ti" ion, resulting in a greatly enhanced peak corre- |V. Discussion

sponding to TT(OCHs)3(CH3OH), ions in the mass spectrum.
Therefore, the present results strongly suggest that H-elimination

reactions are highly dependent on the methanol concentratmntion’ with H-elimination predominating. There are three types

within the Clusters_. o . of chemical bonds (EH, C—0O, and G-H) in a methanol

To shed more light on the variation of the reactivity of the  mgjecule that might permit the insertion of an*Tion. The
Ti* ion with cluster size, we investigated the general trends in enthalpies of the possible iemolecule reactions, estimated
the ion abundance distributions of heteroclusters. Figure 6 showsfrom the thermochemical dat&3536are listed in Table 1. First,
two regions (8591 and 102107 us) of a typical mass  f C—H bond insertion takes place and the-{fit—CH,OH]
spectrum for the reaction of Tiwith (CH;OD), clusters. The  intermediate is formed, TiHland Ti*(CH,OH) ions are expected
mass resolution in this high-mass region is slightly low, butis to be produced through Ti-C and Ti*—H bond dissociations,
still high enough to distinguish differences of one atomic mass respectively. However, the absence of product ions correspond-
unit between the cluster ions. As observed in the mass spectrang to TiD" and Tit(CH,OD) in the deuterium isotope experi-
discussed above, and in the low-mass region of Figure 6, thements with CHOD indicates that the €H insertion process
intensities of Tf(CHsOD), cluster ions are much lower than  does not occur within the heteroclusters. This result is consistent
those of T (OCH;)2(CH3OD),-2 cluster ions, and this trend is  with the high endothermicity (39.7 and 36.4 kcal/mol for FH
maintained for alln < 16. The pronounced formation of and Ti*—CH,OH formation channels, respectively) of the-8
Tit(OCH;z)2(CH30D),-» ions for small cluster sizes can be insertion reaction.
interpreted as the extensive evaporation (i.e. boil-off), of weakly A second possibility comes from the-© insertion reaction
bound methanol molecules from the exterior of the cluster. This of the Ti" ion, producing TiOH and TiO" ions, which are in

The intracluster reaction of T{CH;OH), appears to have
three elimination channels open: H-, gHand CH-elimina-
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TABLE 1: Energetics of Possible Reaction Pathways for Ti
+ CH3OHa

insertion site reacn products enthalpy (kcal/mol)

C—H Bond — Ti*—H + CH,OH 39.7
—Ti*—CH,OH+H 36.4

C—0O Bond — Tit—CHs; + OH 34.9
— Tit—OH+ CH; 18.7
—Tit—0O+ CH, 68.8

O—H Bond —Tit—H 4+ OCH; 50.0
—Ti*—OCHs + H 6.9

@ Reaction enthalpies are calculated from the thermochemical data
provided in refs 21, 35, and 38The bond energPo(TiT—CH,OH)
is assumed to equBly(TiT—CHjz). ¢ Do(TiT—OCH) is assumed to equal
Do(Tit—0OH).
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SCHEME 1
T
CH30Hl [H--Ti*-OCH,] |
Ti*OCH,
OCH,
CH,OH | ]
v \_ HTi*OCH,
Ti*(OCH,),
~  OCH,
CH,OH H:-Ti"~OCH,_ n
v OCH,
Ti*(OCH,),

fact observed in the present experiments. These reactions within

the heterocluster ions are summarized by

Ti"(CH;OH) — [HO—Ti*—CH,J*
— TiIOH" + CH, 7

— TiO" + CH, (or CH; + H) (8a)

dynamic data also show that the @HOH bond dissociation
energy is 92.4 kcal/mol, which is less than that of the;OGHH

bond (104.2 kcal/mol). Thus €H and C-O bond insertion
reactions seem more energetically favorable than theHO
insertion reaction. Yet despite the large-B bond dissociation
energy, it is this H-elimination that is observed to predominate
in the present experiments. One possible rationale for our result
is that the breakage of the- bond in CHOH is compensated

The enthalpy changes of reactions 7 and 8a show exothermicitiesfor by the formation of a Ti—OCH; bond. The binding energy

of 18.7 and 68.8 kcal/mol, respectively, suggesting that these

of Tit—OCHs is not yet available. However, considering that

reactions will appear as they become energetically feasible. TheCH; is more polarizable than H and that this polarizability would

formation of TiOH" from the [HO-Ti*—CHjg] intermediate is

increase the ligand contribution to the bond¥ige expect that

plausible, because the enthalpy required for the bond dissociationthe binding energy for Ti—OCH; should be larger than that

of Tit—CHjs (57.5 kcal/molj¢ is much lower than that of Ti-

OH (111 kcal/mol)}2 The TiO" formation channel can proceed
from the intermediate through a four-centered transition state,
as Armentrout and co-workers have suggestéthe TiO" ion

can also be produced from the [HOi™—CHj] intermediate

by hydrogen transfer to the metal ion, forming £khich is
then lost as a neutral product. This mechanism is similar for
the Ti* + H,O — TiO* + H, reaction, in which an pTit—0
intermediaté? can form because Tihas three valence electrons.
However, the fact that only minor contributions from Ti@nd

of Tit—OH (111 kcal/mol). Thus, although the @B—H bond
dissociation energy is 11.8 kcal/mol larger than that o GPH,
the large bond dissociation energy of FIOCH; may still make
the H-elimination reaction exothermic.

A surprising finding for T (OCH;s)(CH3sOH), cluster ions is
that they can further dehydrogenate to give (QCHz)3(CHs-
OH),. For the observed cluster ions™ TOCHs)m(CH30H), (1
< m =< 3), we propose the consecutive reaction mechanism
outlined in Scheme 1.

Within the stabilizing environs of a heterocluster, the reaction

TiOH* ions are evident in the mass spectra demonstrates thats initiated by Tit insertion into an G&-H bond of the solvating

the insertion reaction of Tiinto the CG-O bond is less efficient
than other pathways among the intracluster-iamlecule
reactions.

Finally, as a major reaction channel, we suggest that the Ti
ion can insert into the ©H bond of a methanol molecule.

Ti*(CH,OH) — [H—Ti*—OCH,]* — TiO* + CH, (8b)

—Ti"(OCH,) + H (9)

The formation of the TiH ion via Ti"—OCH; bond rupture is
unfavorable due to the relatively low dissociation energy (54.2
kcal/moly® of the Ti—H bond. TiO" formation from reaction
8b is similar to that from reaction 8a, as mentioned above. The

methanol molecule to form the intermedi&td his intermediate
may now dissociate internally, and™TDCHs) ion is produced
via H-elimination, with the OCKlgroup behaving more like a
tightly bound group than a solvating ligand species. It has been
found that the binding energies of MgOCH; (67.35 kcal/
mol)?® and Cd—OCH; (>69 kcal/mol§é are much stronger than
those of Mg —CHzOH (37.7 kcal/mol) and Co-CH;OH
(35.28 kcal/mol). Bonding in the TOCH;z ion is thus likely to
resemble covalent binding rather than electrostatic. Similarly,
further insertion of a TiOCHs ion into a second methanol
molecule, followed by H-elimination, results in the formation
of Ti™(OCHs),. Around the T (OCH); ion, there is room for
one additional methanol molecule, forming intermedidte An
abrupt decrease in the number of cluster ions with formuta Ti

present mass spectral data alone are insufficient to assign thd OCH;g)(CHsOH), occurs form > 4, which reflects the fact

formation mechanism of Ti©Ounequivocally to reaction 8a or
8b. The lesser intensity of the TiOion peak in the mass
spectrum, compared with those of the H-elimination products
such as Ti(OCHs)n(CH3sOH), clusters, implies that the TiO

ion is not produced from an ©H insertion reaction. In this

regard, we suggest that reaction 8a prevails over reaction 8b.

By considering methanol bond strengths, Armentrout and co-
workers” have shown that €H collisional activation is both
energetically and statistically favored over activation of thetD
bond in CHOH; breaking the &H bond requires 10.3 kcal/
mol more energy than breaking the-8& bond. The thermo-

that the coordination of three OGHjroups around a Tiion
leads to a great reduction in the reactivity of  Mith respect
to breaking the ©H bond of additional methanol molecules.
Because the Tiion has three valence electrons, this decrease
is primarily attributable to the large binding energy change that
is caused when trivalent bond formation is completed by three
ligands with methoxy groups This interpretation is consistent
with the tetrahedral structures commonly observed for stable
compounds such as Tigand Ti(OCH)a.

As another possible route to producé [®CHg)(CH3OH),
(1 = m < 3) ions, Ti"(OCHs)2(CH3OH), products might come
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Figure 7. Schematic energy diagram for the iemolecule reactions
of TiT™ and CHOH. Thermochemical data were obtained from refs 21,
34, and 35.

from the reaction of ground-stateTto cause H elimination
while the odd-methoxy products arise by reaction of excited-
state Ti™" in the beam. Evidently Ti' gives TiOH" from the
enhanced reactivity with waté?.The analogous reaction gives
the Tit(OCHg)(CH3zOH), products. The Ti(OCHg)3(CH3OH),
products are then the result of second step along this path, arisin
from subsequent elimination of an additiona} Fholecule.
Elimination of H, products is far more exothermic than loss of
H atom. Certainly the methanol molecules complexed to Ti
will orient their oxygen atoms toward the metal ion. To produce
H,, ground-state Ti, with only three valence electrons, might
simultaneously insert into two OH bonds of two different

methanol molecules. This would be somewhat analogous to the

multicenter transition state in the Ni+ C4Hio reaction
pathways, discovered by Weisshaar and co-workesster
central CC insertion to form N{C;Hs),, two H atom simul-
taneously migrate to the Niion to form incipient H products.
The Ti" + methanol reaction would be a similar example.
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excited-state Ti ions are cooled translationally and quenched
electronically by collisions when Tiions from an electron
impact source are passed through a drift cell filled with a gas
at high pressuré In addition, the failure to observe any reaction
products from the endothermic reaction channels even at high
laser fluence supports our hypothesis thdtidins in high-lying
states make no appreciable contribution to the H-z-CEnd
CHg-elimination reactions.

The broad distribution of the kinetic energy of the laser-
ablated Tf ions may also influence the observed reaction
patterns. In a guided ion beam study of H D,O reactions,
it has been reported that the formation of TiG@- D; is the
dominant process at low energy, presumably due to its high
exothermicity (-40.8 kcal/mol) compared with the endothermic
TiD™ + OD (+66.2 kcal/mol) and TiOD + D (+9.0 kcal/
mol) channel$> However, the TiD' product channel becomes
dominant at high energy, which is typical behavior for the
reaction of atomic metal ions with H- and D-containing
polyatomic moleculed®“° Nevertheless, we have good reason
to believe that the product ions observed in the present
experiments are those resulting from*Tions with very low
kinetic energy. One would expect that the kinetic energy of Ti
ions would be greatly reduced by collisional quenching with
argon carrier gas, resulting in the production and detection of
relatively stable clustered product ions. Much of the kinetic
energy may also be dissipated by solvent evaporation of
methanol molecules from the clusters. This is consistent with

Yhe present observation that the chemical reactivity of the Ti

ion diminishes with an increasing degree of £LHH solvation.
Further, product ions formed from high kinetic energy Tns

will have a large momentum along the laser-ablation axis and
so cannot enter the ion extraction region of TOF mass
spectrometer. Thus the cluster ions sampled in the present
experimental apparatus correspond to those originating prefer-
entially from relatively low-energy Tiions.

As displayed in Figure 7, it is noteworthy that the ion
molecule reactions leading to the formation of TiOiOH™,
and Ti"OCHs ions show rather large exothermicity, indicating
that these are the energetically feasible reactions, as discussed

Figure 7 shows a schematic energy diagram representing the?P0Ve. At long range, the interaction between ahd CHOH

reaction pathways of Ti+ CHzOH, which was constructed

species can be considered an-aipole attraction. Thus, a well

from the calculated thermochemical data. This diagram provides corresponding to the Ti—CHsO_I;I complex is presumed. The
a useful guide to the reaction energetics of the heteroclusterPinding energy of CEOH to Ti* has not been measured or
systems explored in the present work. The electronic state of c@lculated, but an approximate estimate-B5 kcal/mol based

the Ti" ion that correlates with the reaction products is the
a'F(3ck4s) state, the lowest quartet state having an s eleétron.

on the similarity between the binding energies of metaHon
molecules such as T+CzHg (34.5 kcal/moly Tit—H,0 (36.9

Recent studies have shown that the reactions of metal ions withkcal/mol);> Co*—H0 (37.1 kcal/mol);* Co*—CHsOD (35.3

molecules are affected by the electronic state and kinetic energ
of the metal ion. Armentrout and co-workérsstudied the
reaction of Ti- with D,O and found that the excitedfastate
of Ti** reacts much more efficiently than théaground state
in forming the TiD", TiO", and TiOD" product ions. They
attribute the enhanced reactivity of the excitefF state to

ykcal/mol),37 and Mgr—CHzOH (37.7 kcal/mol}8

Ti™ insertion into the &H, C—0, and G-H bonds of a
methanol molecule can lead to three intermediates. The forma-
tion energies of [H-Ti*—CH,OH], [HO-Ti*—CHg], and
[H—=Tit—OCH;] intermediates are estimated to bel7.7,
—76.0, and—61.1 kcal/mol, respectively, based on the bond

electron spin conservation throughout the potential energy additivity assumption that the bond enerBy(Ti*—CH,OH)

surface rather than to differences in activation barriers. In this
regard, other low-lying states such akand @D may also
participate in the iormolecule reactions.

While we cannot exclude all possible reactions by electroni-
cally excited Ti ions, we believe that the observed reaction

patterns in the current experiments are mainly due to ground-

state reactions. This is because the laser-ablatedonfis are
likely to be efficiently quenched by their collision with the
supersonic beam of G@H/Ar, though it is hard to estimate
the number of collisions. Similarly, it has been found that

~ Do(Ti"™—CHz) andDo(Tit—OCH) ~ Do(TiT—OH). Although

this assumption may not be quantitatively accurate, it is the only
reasonable means for estimating the energy of the three possible
intermediates. The intermediate{Hi™—CH,OH] can decom-
pose to form Ti—H + CH,OH and Ti"—CH,OH + H by
simple bond fissions of the FC and Ti~H bonds, respectively.
However, both product channels are then thermodynamically
unfavorable due to their high endothermicity, which is consistent
with the present experiments. In addition to activation of the
H—CH,OH bond, the Tf ion can also activate the GB—H



2472 J. Phys. Chem. A, Vol. 106, No. 11, 2002 Koo et al.

or CHs—OH bond of the CHOH molecule to form the (4) van Koppen, P. A. M.; Kemper, P. R.; Bowers, M. T. In

—Tit— _Tit— i i Organometallic lon ChemistryFreiser, B. S., Ed.; Kluwer Academic
[H=Ti"~OCH] or [HO—Ti"~CHj] intermediates. Because g tL 4o/ "no recht The Netherlands, 1996: p 157,

Ti*—OCH; is the predominant ionic product observed in the (5) van Koppen, P. A. M.; Brodbelt-Lustig, J.; Bowers, M. T.; Dearden,

present experiments, it is likely that the*Tinsertion into the D. V.; Beauchamp, J. L.; Fisher, E. R.; Armentrout, P.JBAm. Chem.

O—H bond to form the [H-Ti*—OCHg] intermediate is the most ~ Soc (13991\3? 11T3 2|359|-? <. vann W. Do Cast AW 3rPh

favored reaction channel of the three possible routes. The(:he(m)lggacl%oéézé. - vann, W. D., Lasteman, A. W., Jr.ERys.

dominance of the Ti—OCH; + H product channel over the (7) Vukomanovic, D.; Stone, J. Ant. J. Mass Spectron200Q 202,

Tit—H + OCH;z; channel can be rationalized on the basis that 251. _ - .

a Ti*—OCH; bond is stronger than a Ti-H bond. In contrast (8) Tonkyn, R.; Ronan, M.; Weisshaar, J. @.;Phys. Chem198§

to the Ti*—OCHs + H product channel, formation of Ti-OH " (9) Tolbert, M. A.; Beauchamp, J. L1. Am. Chem. S0d986 108

+ CHz or Tit—0 + CHj, from the [HO-Ti*—CHj] intermediate 7509. _ _

does not play a significant role despite its high exothermicity. oftlg)seBsyrd' G. C.; Burnier, R. C.; Freiser, B. &.Am. Chem. S0d982

We attribuFe the difference in importance of the two intermedi- (11) Guo, B. C.; Castleman, A. W., Jint. J. Mass Spectrom. lon

ates, [H-Ti*—OCH;] and [HO-TiT—CHpg], to a difference in Processed992 113 R1.

activation barriers for the subsequent elimination. The {HO 195(9122%)6628'73 C.; Kerns, K. P.; Castleman, A. W., Jr.Phys. Chem
o . . . e - , i

TiT™—CHg] intermediate might efficiently eI|m|nat_e GHind CH (13) Buckner, S. W.: Gord, J. R.: Freiser, BJSAm. Chem. S04988

because these channels are thermodynamically much morej10, 6606.

favorable. However, our observation that #OH and Ti—O (14) Clemmer, D. E; Chen, Y.-M.; Aristov, N.; Armentrout, P. B.

formation channels are less favorable than the—-TOCHs Phys. Chem1994 98, 7538.

. . . 15) Kaya, T.; Horiki, Y.; Kobayashi, M.; Shinohara, H.; Sato,Ghem.
formation channel suggests that there exists a conS|derabIeph§,S_)Lett)iggz 200, 435. Y

barrier between the [HOTi*—CHjz] intermediate and elimina- (16) Pithawalla, Y. B.; McPherson, J.; El-Shall, M.Ghem. Phys. Lett
i 1999 309, 215.
tion of ChHs and CH. (17) Garvey, J. F.; Peifer, W. R.; Coolbaugh, M. Acc. Chem. Res
. 1991, 24, 48.
V. Conclusion (18) Shin, D. N.; Jung, K.-W.; Jung, K.-Hl. Am. Chem. Sod 992
. h d withi ixed i . h | 114 6926.
Reactions that proceed within mixed titanitimethano (19) Choi, S.-S.: Jung, K.-W.: Jung, K.-#ht. J. Mass Spectrom. lon

cluster ions were studied using the laser ablation-molecular beamprocesseq993 124, 11.
method. The Ti ions are produced by the laser ablation of a  (20) Lee, S. Y.; Shin, D. N.; Cho, S. G.; Jung, K.-H.; Jung, K.-W
rotating metal target at 355 nm and allowed to react with Mass Spectromioof 30, 969.
2 5 . (21) Lide, D. R., EA.CRC Handbook of Chemistry and Physizgth

methanol clusters in an injected molecular beam. The primary ed.: CRC Press: London, 1996.
reaction of Ti ions with methanol clusters appears to have three  (22) Vaidyanathan, G.; Coolbaugh, M. T.; Peifer, W. R.; Garvey, J. F.
open elimination channels: H-, GH and CH-eliminations J. Chem. Phys1991 94, 1850.

: L . b .y (23) Shukla, A. K.; Stace, A. J. Phys. Cheml1988 92, 2579.
with H-elimination being the dominant process. In studies on  (54) Morgan, S.; Keesee. R. G.; Caltleman, A. W., JrAm. Chem.
the origin of the hydrogen elimination, isotope-labeling experi- Soc 1989 111, 3841.
ments led us to conclude that insertions of thé ibn into the ph(yzssigglg%"d 37-9% Yeh, C. S.; Berry, K. R.; Duncan, M. &.Chem.
O—H bqnd of a methanol molgcule within the hetero_clusters (26) Weis, P.; Kemper, P. R.; Bowers, M. T. Phys. Chem. A997,
play an important role in producing TIOCHs)(CH3;OH), ions 101, 8207.
(1 = m < 3). In addition, it is found that the Tiion can induce < (27) dCPAaSI\?,J MP.hW.; é:hurnuttF,2 Jf B-;mlg%pgeti H.; McDonald, R. A;

_aliminati ; yverud, A. N.J. Phys. Chem. Ref. Da , 1.
H (_allmlnatlon from up to three methanol molecules._ Th|§ resu_lt (28) Lu, W.- Yang, SJ. Phys. Chem. A998 102, 825.
is interpreted to be a consequence of consecutive insertion (29) woodward, M. P.; Dobson, M. P.; Stace, AJJPhys. Chem. A

reactions of the Ti ion within the heteroclusters, leading to 1997 101, 2279.

; i ; (30) Lu, W.; Huang, R.; Yang, Sl. Phys. Chem1995 99, 12099.
tr;engrl_T+atlog $f(;r+T(OCﬁb)3(CdHSOH)nJ0nS.hThg Opse;\/at(ljon (31) Donnelly, S. G.; Schmuttenmaer, C. A.; Qian, J.; Farrer, JJ.M.
of Ti and TiO" ions is understood on the basis of & Chem. Soc., Faraday Tran$993 89, 1457.

insertion reaction followed by fragmentation. It is also found (32) Clemmer, D. E.; Aristiv, N.; Armentrout, P. B. Phys. Chenml993

that intracluster iormolecule reactions are greatly influenced 97,(2;‘)4-6_10 3 KRabid C Mass Spectrob996 10, 256
: : 1oson, J. api ommun. Mass spectro. A .
by cluster size and the pressure of the argon carrier gas. The (34) Misaizu, F.. Sanekata, M.. Fuke, K - Iwata JSChem. Physl994

chemical reactivity of Ti ions within the heteroclusters 109 1161.
decreases with increasing cluster size and increasing argon 9535298025298('_'\/"; Clemmer, D. E.; Armentrout, P. B. Phys. Chem
stagnation pressure. ‘I_'he reaction pathways and energetics of (3‘}6) Sunderiin, L. S.; Armentrout, P. Bl Phys. Chem198§ 92
the proposed mechanisms have been presented. 1209.
(37) Chen, Y.-M.; Clemmer, D. E.; Armentrout, P. B. Am. Chem.
Acknowledgment. This work was supported by Korea Soc 1994 116 7815.

Research Foundation Grant (KRF-2000-015-DP0203). One of ,,(38) Bauschlicher, C. W., Jr.; Partridge, 8. Phys. Cheml991 95

946.
the authors (H. Lee) also gratefully acknowledges Wonkwang ~(39) Blomberg, M.; Yi, S. S.; Noll, R. J.; Weisshaar, JJCPhys. Chem.
University in 2000 for the support of this research. A 1999 103, 7254.
(40) Georgiadis, R.; Fisher, E. R.; Armentrout, PJBAm. Chem. Soc.
References and Notes 1989 111, 4251.
(41) Van Koppen, P. A. M.; Bowers, M. T.; Haynes, C. L.; Armentrout,
(1) Martinho Sini@s, J. A.; Beauchamp, J. Chem. Re. 199Q 90, P. B.J. Am. Chem. Sod 99§ 120, 5704.
629. (42) Dalleska, N. F.; Honma, K.; Sunderlin, L. S.; Armentrout, PJB.
(2) Allison, J.Prog. Inorg Chem 1986 34, 627. Am. Chem. Sod 994 116, 3519.
(3) Armentrout, P. B. IfGas-Phase Inorganic Chemistrigussell, D. (43) Magnera, T. F.; David, D. E.; Michl, 3. Am. Chem. Sod 989

H., Ed.; Plenum: New York, 1989. 111, 4100.



