J. Phys. Chem. R002,106, 85838589 8583
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The reactions of metal cluster ions,Mwith water and alcohols, where™s calcium (= 1—7), strontium
(n=1-6), or barium ( = 1—4), have been studied using a pulsed arc cluster ion source (PACIS) in association
with a Finnigan ion trap. The dominant reaction products with water are found to have the general formula
Mnt(OH)n-1, Which can be attributed to MDH in association withr( — 1) neutral M(OH) species. Other
products present in the trap include,MDy(OH), cluster ions covering a range of values foip, andg. A

few M,"(OH),-1 and MyTO,(OH)m ions respond to collisional activation, but the majority of complexes are
found to be reluctant to fragmentation. The reactions of individugdl(f@H),,—; complexes have been studied

in the presence of methanol, ethanol, and 1-propanol, and the results have been interpreted in terms of the
sequential exchange of hydroxyl groups for MeO, EtO, and PrO, respectively. A general formula for these
reactions is proposed to be,MOH)zn-1 + M(ROH) — M,"(OH)on—m-1(RO)m + m(H,0), where ROH is the
alcohol, the final products being M(MeOyn-1, My (EtO)n—1, and Myt (PrOyn—1. Supporting calculations
suggest possible candidate structures for two of the(®H),,—1 ions; however, neither provides an obvious
route to the complete exchange of OH for OR.

. Introduction elimination. For Md, it led to a switch from Mg(MeOH), to

+ S -
Reactions between metal cluster ions and large numbers ofchgt ,(\)Alfsoeﬁ\l\//leed(i‘lghvlggarrdfl: tﬂeiég(’:t\?(l) t::ghoﬁgseﬁy Z'rr]r:j”ggo
solvent molecules (N —nL reactions) are of particular interest : ’

because the presence of molecules coordinated to an underlyin oltr(]atw:rtha?r? lwgecizsgﬁéa&agﬂoggqt;;'3;"_'0 V\llgts.ofﬁsg?]
metal cluster should reflect the chemical and geometrical 9 Wi . int uiatl

+
properties of M. It has been known for some time that Mg.l(Mfou@g&d tr'\]AgMiorE'\getOH)‘*l de:jnorggtrateq (tjh.at,
polynuclear ionic metal species exist in solutibtherefore, simiiar to + the switch between product 10ns 1S driven

studies of their chemistry should provide valuable information (t:’())/rr:s h(')gr::j?rr] d?ngcr;zszf iﬁofgﬁgﬂgg I(I:nekrﬂ@CFEO\?vrg/e? no
that may reflect the transition from gas-phase to condensed-~".. P 9 . ! 9y. "

phase reactivity. Although numerous studies have been under_satllsfactory explanation could be given for similar product ion
taken of gas-phase reactions of monatomic metal ions with switches seen for Ca Sr, and Bd.

solvent molecules, other than studies of coordination, equivalent N €xtending these observations to the reactivity of metallic
experiments on the chemistry of metal cluster ions with more clusters, it is not obvious that their behavior can be deduced

than one solvent molecule are scarce. simply from the behavior of atomic ions. Transitions of

Comparisons of the gas-phase chemistry exhibited by a|ka|ine_structural_and_ electronic properties are to be ex_pe_cted as clusters
earth metal atoms are worthy of consideration because thesdnCréase in size. Lu and Yang have reported limited results on
metals, excepting beryllium, are known to react extensively with the reactivity of Mg™ in that they observed Mg(MeO)-
water and alcohols in the bulk liquid phase. In addition, (M€OH)-2and Mg"(MeO)x(MeOH),—3 as fragments in their
monatomic ions of the metals have been found to react with €xperiments. Earlier we reported on a study of the reactions
clusters of water and methanol in molecular beam experirfights.  ©f barium clusters ions, B&, with water? These reactions could
The reactions of monatomic ions of magnesialcium3:5 not always be equated with the formal oxidation number of the
and strontiurf with water have all been observed to follow a Parium atom, and it was observed that the number of hydrogen
similar pathway: atoms eliminated from water varied froom2- 1 forn < 4 to

2n+ 1forn=4and 2 + 2 forn =5, leading to the formation
+ Vs of Bay"O40H(H0)m+1 and BatOg(H20)m+2, respectively.
M (H,0), = M OH(H,0),, + H (1) Because barium clusters readily form oxides and hydroxides in
reactions with water, clusters of the form g, can be expected
to constitute the core of many of the reaction products involving
oxygen-containing molecules. Chevaleyre and co-wotRers
undertook an extensive study of the ionization energies gbRa
(1 <n <14,m =< n) and found a rapid transition to the bulk
ionic structure for stoichiometric (Ba@glusters. However, no
data on BgOn, clusters withm > n have been reported in the

for 4 < n < 16 for M = Mg and Ca anch > 5 for M = Sr.
Supporting ab initio calculatioA8” have shown that the switch
in reaction product from M(H,0), to MTOH(H,O),—1 atn =
5 occurs because polarization of the hydroxide ion gives M
OH a higher hydration energy than*

Lu and Yan§ have studied the reactions of alkaline earth
metal ions with methanol and have also observed hydrogen

literature.
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in a pulsed arc cluster ion source (PACIS) and subsequent In routine operation, the ion trap is normally heated to a
reactions of the ionic metal hydroxide clusters with the alcohols temperature of 100C to help eliminate any background water
CH30H, GHsOH, and GH7OH. The latter experiments were vapor. However, even with heating and the use of a liquid
performed on metal hydroxide clusters held in an ion trap (Paul nitrogen trap on the helium inlet, there was often sufficient
or ICR), which provides a convenient means of storing ions residual water to promote reactions with alkaline earth metal
for time periods ranging from a few milliseconds to minutes. ions, particularly if the latter are held in the trap for longer than
During that time, cluster ions produced in a PACIS can undergo 10 ms.

structural rearrangement and cooling (either collisional or

radiative) prior to undergoing further chemical processes. lll. Computational Details

Additional advantages of ion trapping are the capability for
multistep (MSY ion selection and the ability to promote
collision-induced dissociation (CID) and photofragmentation of
ion complexedl—16

To provide insight into the structure and stability of some of
the complexes studied in the experiment, the ,(O&l)q]*
system was investigated by DFT methods. This particular
example was chosen to minimize computational effort because
Il. Experimental Section calculations on complexes containing Sr and Ba would be more
likely to require extensive relativistic corrections. Complexes
of the general form CaX, have been studied before at the
DFT level of theory, and the results have been shown to be in
reasonable agreement with high-level ab initio theory. DFT
studies of Caclusterd® found that for the calcium dimer the
exchange functional in the generalized gradient approximation

brief description is provided here. Samples of calcium, stron- . S )
tium, and barium (lumps, Sigma-Aldrich, 99% purity) used in (GGA) scheme overestimates the blndmg energy. This tendency
has been reported for other systems including neutral, mono-

the PACIS were held in a stainless steel cup and taken as thecationic and dicationic complexé$however, this bias has not
negative electrode. The positive electrode consisted of a short ! P ’

rod of oxygen-free copper. Two techniques were tested for bzgnme?:?g;vnRg; Ilfsailsfg o_|e(\a/|e;t(|;n?atféorn; :gégmggﬁ:(z?¥he
promoting association reactions between monatomic or clusterd I€s. u g u p :

metal ions and solvent molecules. In the first method, helium bonding interactions in the species studied, and in the afore-

(BOC Gases, Research Grade) was passed through an in_"né'nentioned investigations, the CX, interactions are reported

reservoir containing water prior to entering a fuel injector that 2;55296 Sqrémrsgg ;;glr; g{reucgﬁféztg:f tnha(;[uc:rc?hOIZ;:smc]ovr\]/f:er:loe d
provided gas/vapor pulses of approximately 1-ms duration. This P

composite carrier gas was then entrained with metal vaporize and to aspertain their binding energy with respect to the species

by a pulsed arc, and the resultant mixture then underwentwe.cons'der to be component building blocks of the complex

adiabatic expansion into a vacuum. In a second approach, which €€, nar_nely, [CaOH]and [Ca(QH)]. . .

gave more reliable signals, a few drops of water were frozen to Calculations were performeq using a density functlon.al theory

the surface of the exit to a liquid nitrogen-cooled extender, which (.DFT) program implemented in _the Amsterdam density func-

acted as part of the collimation arrangement for the PACIS. As tional (ADF2000.01) package initially developed by Baerends
et al?® The calculations employed Slater-type orbitals as basis

the helium/metal vapor passed over the ice, a small amount of . )
water was liberated from the surface to become associated with>CtS” and the electron spins of the systems were kept restricted.

o Geometry optimizations used the local density functional
the metal complexes. lon transmission between the PACIS and . ; .
the ion trap was facilitated using an ion guide, which was formulas given by Vosko, Wilk, and Nusair (VWR)and GGA

designed according to details outlined in ref 17 and has a total ¢'® applied after the calculation of SCF wave functions. The

length, including entrance and exit lenses, of approximately 50 ADF program suite utilizes thg exchapge grad|e.nt corregnon
cm. The design of the guide was optimized by simulating ion of Becke?? (88), and the correlation gradient corrections as given

trajectories using the SIMION 6.00 package. To facilitate the 53/ PeLdev:ﬁtrEBG), Ialslot_knowlr; as;hBPSG,Hwere Jmplimented
passage of ions from the guide into the trap, it was necessary roughout the calculations. For the [0@H)xn—]" systems,

to apply a small negative DC voltage to the end electrodes of the atomic qrbltals on Ca were described by a t@lsmer
the trap. function basis set, whereas a doubl&later function basis set

To study the chemistry of particular ion/solvent combinations, W|th_po|ar[zat|on was used for oxygen and hydrogen. Tte 1s
ions of a particular mass were isolated within the trap and configuration on O was tregted as the core anq repr.esented by
subjected to collisional excitation. Effective operation of the thae frozen core approximation, as was thé @pnfiguration on
trap requires the presence of a background gas pressure, which”™ e . -
is normally helium held at a pressure in the range5taL0-4 To avoid flndlng saddle points rather than true minima,
Torr. Therefore, collisional excitation of trap ions could be symmetry consfraints were negle_cted for all starting points of
achieved by influencing their motion through the application the geometry optimization calculations. ane sunabl_e structures
of an AC voltage to the end electrodes. As the kinetic energy had been .|d.ent|f|ed, symmetry constraints were |mpqsed to
of the ions increases, they gain internal excitation through further optimize structures anq obtain true minima. Mlnlmuml-
collisions with the helium buffer gas. Use of the latter in the energy structures were confirmed by calculating harmonic

trap proved particularly convenient because helium was alsofreque_ngles from force constants in ADF by_ numerical dif-
used in the PACIS; therefore, there was no need for extensivefer?ntz'?t'on of energy gradients in slightly displaced geom-
differential pumping in the expansion process. The final etries:

detection of ions was accomplished by their ejection from the
trap through one of the end caps in the direction of a conversion
dynode and electron multiplier. The upper mass range of the A. M," and Water Reactions.The first objective was to
trap was 650 amu, and under most operating conditions, unitdetermine which types of complexes between alkaline earth
mass resolution could be achieved. metal ions and water could be formed and trapped using the

The apparatus combines a pulsed arc cluster ion source
(PACIS), a quadrupole ion trap (Finnigan, ITMS), and an
electrostatic ion guide designed for delivering ions from the
PACIS to the trap. Detailed descriptions of the PACIS and
Finnigan ion trap have been given elsewhéré;'6and just a

IV. Results and Discussion
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Figure 2. Products from the reactions of Srand Ba" with water

molecules picked up in the extender. Asterisk (*) labels denote

Srf(OH).,-1 ions, andn = 2—5 identifies bare St clusters. Hash (#)

. . . labels denote the B&04(H.0) complex.
PACIS. Injecting helium saturated with water vapor at room

temperature into the PACIS failed to produce any form of TABLE 1: Products from Sr,* Reaction with Water

Figure 1. Products from the reactions of Caand Skt with water
vapor, seeded in the carrier gas. Asterisk (*) labels dengt©{OH ).
The peak at 501 amu is probably related tg'CaH);s.

complex; however, by gradually reducing the water content of Sk, Sk Si* Skt SK 05
the rare gas flow, the results shown in Figure 1 for calcium sp+o SK*O o) SE+O; Srs*Os0OH
and strontium were obtained. For an easier perception of S,TO(OH) SgTO(OH) Sit0, SrsT030H

acquired mass spectra, only the ion peaks of major isotopes forSt2"(OH)s Sr;*O(OH), Si*0O, Sts*O3(OH),

Sr2+(OH)3HzO SI’3+O(OH)3 SI’4+O3OH SIT5+O3(OH)3

everyn are plotted in all subsequent figures. Once optimum

conditions were achieved, the resultant spectra proved to be very Stz (OH)s 3:4182((5):)23 2:5182(8_?)35

persistent and highly reproducible. The most striking feature Srj*(OH)7 Sl’er(OH)g

of the mass spectra is their periodicity, which can be related to

the sequential addition of neutral hydroxide M(QMjolecules. isplated in the trap and allowed to react with residual water

For strontium, the mass spectrum is dominated completely by yapor, limited reactivity was observed, leading to*® and
what should be considered to b& §OH)y-1 complexes. For —  gp,+0(OH) after 5-ms of trapping time (Figure 3a). When the
calcium, the dominant ions present in the mass spectia can b&rapping time was increased to 105 ms, the overall abundance
attributed to the combinations of £4OH)x-1 and Ca"O- of the reaction products increased, and in addition to the two
(OH)zn—s. For barium, a similar enhancement ofrBeOH)zn-1 reaction products given above, a new ion;"8DH)s, appears
ions forn = 2 and 3 could be found; however, there were also i, he mass spectrum (Figure 3b). However, given the persis-
other ions present that reflected alternative reaction pathwaysiance of the pattern in Figure 1, we would propose that some
with water (see below). The validity of assigned ion compoSi- ¢ 1 clusters observed in Figure 2 have been formed via the

tircl)ns will be di?cusseg later; how?aver, i.t shoglﬂ_be no_tecfi that fragmentation of large hydroxide complexes that have evapo-
the structure of M"(OH)2,—1 complexes is stoichiometric for rated from the bulk metal surface.

Group 2A elements, and as a first approximation, they could ) .
be considered to be composed of one®H ion and a few To help establish the structures of the cgr.nple>.<es W't?h.’sr
an attempt was made to promote reactivity via collisional

M(OH), molecules. It is presumed that ionic hydroxides are o :

formed by pulsed arc evaporation and ionization of the bulk @ctivation. The only hydroxide complex found to respond to

hydroxides, which are formed on the surface of the electrodes collisions was Sr*(OH)s, which produced SFO(OH) as a
fragment. However, even that step was observed only through

by the reaction between water vapor in the helium flow and Ve ) .
the bulk metal. the use of a collision partner (neon) heavier than helium as the

In contrast to the approach used to generate the ions seen ijrap background gas. SIO(OH) was subsequently found to

Figure 1, Figure 2 shows mass spectra recorded from ionsfragment to STQH. All other complexes were reluctant to
produced when vaporized strontium or barium reacts with water fagment even in the presence of neon.
that has been frozen in the extender. It can be seen that, although Several of the complexes identified in Figure 2 would appear
stoichiometric hydroxide cluster ions JY(OH),,—; are among to owe their appearance to the fact that reactivity has taken place
the observed reaction products in Figure 2, the whole spectrumin the presence of restricted numbers of water molecules. In
is far more complicated. The complete range of observed assigning compositions to the ions in Figures 1 and 2, chemical
strontium-containing complexes is given in Table 1, and we formulas have been chosen that contain no adducted water
shall discuss these first before returning to an analysis of the molecules. This assumption is supported by the reluctance of
data on Ca" and Ba™ complexes. complexes to fragment under collisional activation. In the case
The variety of species observed in Figure 2a and listed in of both calcium and strontium, the dissociation energy 6f-M
Table 1 could be formed either from the fragmentation of larger OH is much higher than that of M-H,0.2526 The S¥—OH
oxide or hydroxide complexes ablated directly from the electrode bond energy is 4.67 eV (450 kJ/mol), whereas thé-8DH,
surface in PACIS or by the reactions of,Swith increasing bond energy is just 104 kJ/mol. A similar difference in binding
numbers of water molecules. In support of the latter route to energies should be expected for cluster ions of the Group 2A
hydroxide cluster formation, it is found that when,Swas metals. If, for example, strontium-containing ions were of the
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Figure 3. Evolution of ion populations in the trap: (@) isolation of
Sr,*, trapping time 5 ms; (b) trapping time 105 ms; (c), (d), and (e)
introduction ofds-EtOD via a Jordan nozzle into the trap containing
Sr,*, reaction time 105 ms. The concentrationdgfEtOD increases
from (c) to (e).

form Si+Os0H(H,0); rather than SfO(OH)s, then collisions
would be expected to remove one or both of the water
molecules.

A difference in composition is clearly observed betweet Sr
complexes with even values of(2 and 4) and those with odd
values (3 and 5). Whenis even, an increase in the number of

Mikhailov et al.
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Figure 4. Evolution of ion populations in the trap: (a) initial
populations of the hydroxide clusters; (b), (c), and (d) introduction of
d;-MeOD into the trap via a Jordan nozzle, reaction time 105 ms. The
concentration ofl-MeOD increases from (b) to (d). Asterisk (*) labels
denote Srf(OH)—2MeO clusters, and hash (#) labels denote
SrTOH(MeOkn-2.

of arcing with pure, dry helium, the distribution remained
constant. We believe the samples of calcium to contain
significant amounts of Ca(OHR)prior to their use in the
experiment.

Following collisional activation, GA(OH)z,—1 ions were
found to fragment only to GAO(OH)-3. In turn, Ca™O-
(OH)2n—3 ions were reluctant to fragment further. The CID data
imply that Ca™(OH),n—1 clusters may easily adopt an alternative
composition, such as G&O(OH)—3H20, that can readily lose
a water molecule. The trap mass spectra suggest that water loss
is quite facile in the calcium-containing complexes and increases
in probability as a function of,, at least fom < 7. However,
reactions of calcium complexes with deuterated alcohols support
the proposed formula G&OH),n—; rather than the alternative
Ca,"O(OH)n—3H,0 formula (see below).

Within the mass range accessible in the trap§B0 amu),

water molecules available for reaction leads to a series thatthe products from Bd/water reactions were found to be very

follows a progression starting from S0,—1, passing through
S Onh-10H, and eventually resulting in the formation of
StT(OH)zn-1. Although it falls outside of the mass range, it is
assumed that a similar sequence existafer6 because $rOs
and SgtOsOH are observed. When has odd values, the

similar to those observed in an earlier TOF/PACIS study of
this systenf. The only exceptions were BéH,0),, Ba"OH,

and BaTO(H,0),, which had low intensities in the TOF mass
spectra and were completely absent in the ion trap mass spectra.
When water is deliberately omitted from the PACIS, ion peaks

sequence of the products is quite different. Oxides are formed that could be related to B@," and BaO4*(H20) are observed

up to Sk On—2, and then further reactivity with water follows
a sequence through S0O,—2(OH), (m = 1-3) complexes,
eventually stopping once S(OH)z,—; ions are formed. The
series from S$y"O,-10H to Skt (OH),n-1 in the case of even-
sized Sy and from SgTOp—2(OH)3 to Si™(OH)zn—1 in the case

in the ITMS spectra. BAO(OH) also appears in the spectra
under these conditions, but B4OH); and Ba*(OH)s are not
formed. Forn = 4, the ions Ba*O; and Ba™O4(H,0) are
observed, which is consistent with our earlier TOF measure-
ment8 where Ba™O4(H,0),, Ba;*O40H(H,0),, and Ba*tOy-

of odd-sized clusters can be related to the stoichiometric (H.,O), were also found.

composition of strontium oxides and hydroxides.

A particular feature of the barium clustewater results is

The case for calcium seems somewhat different from that of that the numbers of oxygen atoms and hydroxide groups present

strontium. Both Ca"(OH)z,-1 and Ca"O(OH)n—3 (N < 7) are

in the products are larger than those that are appropriate for

present in the mass spectra in Figure 1, and the relative stoichiometric barium oxide and hydroxide clusters. One

abundance of the latter increases withThe precise identities
of complexes that have masse430 amu are unclear. When

explanation for this behavior could be the tendency of barium
to form the peroxide Bag) which has a very high thermal

the trapping time is increased up to 200 ms, which correspondsstability and does not react with wat€rOur observation of

to a longer period of reaction with residual water vapor in the
trap, the intensities of Ga&(OH),, ions increase with respect
to those with the composition §20(OH)—3 (n < 6). It proved
impossible to obtain GA complexes containing less oxygen

the formation of Ba O, in reactions of Ba" with water is
consistent with the data of Chevaleyre and co-work&rgho
found (BaO)" to be the dominant product following photodis-
sociative ionization of a variety of barium oxide clusters. The

than the combinations seen in Figure 1. Even after long periodslatter fact is related to the particular stability of the neutral



Reactions of Cg, Si*, and Ba*" J. Phys. Chem. A, Vol. 106, No. 37, 2002587

-1.0928 -1.0388

+L.5733
+1.5022

9l.20

-1.0452

C ol -

Figure 5. Structure calculated for G5OH); using the method outlined
in the text.

b

(BaO), cluster, whose structure corresponds to a highly sym-
metric cubic structure.

All of the complexes shown in Figure 2b were resistant to
fragmentation following collisional activation. As in the case
of strontium, this result suggests that there are no adducted water
molecules in the clusters. Some ions could have formulas that
are different from those given in our earlier TOF study of this
systend (e.g., instead of BAO,OH(H,0),, we now believe a
more realistic formula to be Ba(OH)s). These new assignments
have been chosen in response to our current observations on
stability and on the participation of strontium and barium
hydroxides in the structures of the complexes. Although these
alternatives will remain arbitrary until a complete study on the
structure of these clusters is done, it is generally known that,
excepting beryllium, alkaline earth metals and their oxides ) .
strongly favor the formation of hydroxides in reactions with mguéee'?ﬁogvz)%t\llilr?gjsigftw: tzt;?cture calculated for £60H)s using
water?8 Reluctance of the hydroxide clusters to fragment at CID '

can be taken as indicative of very strong intermolecular forces with each Ca atom striving to achieve a charge-@fand each
being responsible for their presence. Further evidence in supporto atom succeeding in acquiring a charge-df. The structure
of MpT(OH)zn-1 structures comes from their reactions with ¢ajculated for [C&OH)s]* is comparatively open; in contrast,
alcohol molecules. the [Ca(OH)s]™ structure is a compact, almost cyclic unit
The results highlight the existence of stablg{OH)n-1 similar to those seen for polynuclear cations in the Bfik.
structures for which one possible interpretation suggests theLikeWise, the ability of OH to form a bridge between metal
presence of a [M(OH)] core. Felmy et al?® have discussed a  cations is very similar to behavior seen in the bulkhese
similar ion core in structures calculated at the DFT level, and similarities between the calculated gas-phase structures and
their accompanying experimental data were also interpreted inpatterns of behaviour seen in hydrolyzed alkaline earth metals

terms of the [Ca(OH)] ion playing a role in solution-phase  in the bulk would suggest that the structures shown in Figures
chemistry. To better understand the experimental data presented and 6 are reasonably realistic.

above, structures have been calculated for the first two members B Reactions with Alcohols A direct reaction between Group
of the [Ca(OH)zn-1]" series, namely, [GEOH)]* and [Ca- 2A metals and alcohols is possible but requires a catalyst. For

(OH)s]*. The results are shown in Figures 5 and 6, where the example, magnesium alkoxides are readily formed in the
optimized geometries, bond lengths, and bond angles are showrpresence of iodinét

together with a Mulliken charge population analysis of each

atom, which is given in brackets. Parts a and b of Figure 6 Mg + 2ROH— Mg(OR), + H, 2
show different orientations of the same j@aH)s]* structure.
In isolation, the [Ca(OH)] unit is calculated to have a bond lonic metal alkoxides, MOR, can be formed in gas-phase

length of 1.852 A. The trend in stabilization energy is [Ca- reactions of monatomic Group 2A metal ions with alcotfols.
(OH)]™ < [Cax(OH)3]* < [Cag(OH)s]™ (i.e., one of increasing  In the trap, we have observed the formation of®R and M-
stability as the units increase in size). Unfortunately, it was not OR(ROH), complexes in reactions of CaSr", and Ba with
possible to perform calculations on systems where 4. alcohols, and for strontium, SROH complexes were also
Analysis of the charge populations of each complex (numbers formed. The abundance of 9eOH ions was lower than that
in parentheses) would suggest that the structures are very ionicpf Sr*-MeO, SFrEtOH, and SrEtO ions, all of which had almost
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equal intensities, and the abundance ofFOH was greater
than that of SfPrO.

Reactions of metal oxides and hydroxides with alcohols are
known to occur in the condensed phdseesulting in the
formation of metal alkoxides and the release of water. For
alkaline earth metals, these reaction can be summarized as

3)
(4)

M(OH), + 2ROH= M(OR), + 2H,0

MO + 2ROH= M(OR), + H,0

Mikhailov et al.

It is not quite clear, however, why bare and suboxide cluster
ions such as St and Sp"O do not react with alcohols in a
manner similar to that seen for the monatomic metal ions. It
can only be assumed that these reactions must be much slower
than the reactions with water vapor residing in the trap. Only
Ba,"O(OH) reacts with ROH to form BAO(OH)ROH. A
further reaction with alcohol results in the production ot Ba
OH(RO) and Ba"(RO). This observation could imply that
Ba,"O(OH)ROH adopts a Bda(OH),RO structure via an
intercluster rearrangement in order to follow the route described
by reactions 6 and 7.

Each reaction is reversible, and because the equilibrium ~&ien the calculated structures shown for,q®H); and

constants are small, water has to be removed continuously dein9C38+(0H)5 in Figures 5 and 6

the reaction to obtain high yields of the alkoxide prodiféts.
Likewise, ionic oxide and hydroxide clusters of the Group 2A

it is not immediately obvious
how the exchange mechanism with OR groups might operate.
One possibility for Ca"(OH); as shown in Figure 5 is for the

metals should be expected to undergo similar reactions with torminal OH groups to be displaced, which could then lead to

alcohols. One of the objectives behind studying these reactions

was that of confirming earlier assumptions regarding the
structures of products formed from the reactions gff Mith
water.

With the trap containing the ions 8t Sr™O, SETO(OH),
and Sg™(OH)s, Figure 3c-e shows the chemical evolution of
this population as the concentration of deuterated ethanol in

a structural rearrangement revealing the OH group that is held
between the two calcium atoms. It is clear from the events
shown in Figure 4 that the exchange process is both compara-
tively slow and sequential, which would allow for the possibility
of structural rearrangement. Likewise, for£¢OH)s, the two
out-of-plane OH groups shown in Figure 6 could be displaced,
again leading to a structural rearrangement that would make

the trap increases. Ethanol vapor was pulsed into the trap via &y remaining groups more amenable to substitution.

Jordan nozzle, which meant that the concentration of alcohol
could be controlled independently of that of the other reactive

V. Conclusions

species present in the experiment. As can be seen from Figure

3, hydroxyl groups on the strontium-containing complexes
gradually undergo exchange to @iz. The reaction sequence
can be summarized as follows:

S, (OH),; + C,D;0D — St, (OH),(OC,Dy) + HDO  (5)

Sr,"(OH),(OC,Dy) + C,D0D —
St,"(OH)(OC,Dy), + HDO (6)

Sr,"OH(OC,D,), + C,D:0D —
St,"(0C,Dy); + HDO (7)

As with the condensed-phase analodui¢,is assumed that
a whole water molecule rather than-HOH is lost following
each reactive step. Each of the intermediates in reactiois 5

can be identified in the mass spectra (Figure 3). From a study

of reactions involving both ¢€DsOD and CROD, it has been

possible to conclude that the reactions consist of the substitution

of OH for OR rather than the replacement of a water molecule
by an alcohol. No reactions between ethanol and eith&y Sr
Srt0O, or SpTO(OH) appear to be taking place. Similar
substitution steps have been observed foff (@H)z,—1 with
MeO, EtO, and 1-PrO in reactions with methanol, ethanol, and
propanol, respectively, M being composed of either calcium
(n < 6), strontium O < 5), or barium fi < 4). No complexes
with more alkoxide groups than is required by the empirical
formula M,"(OR)n—1 were found in any of the mass spectra.
Figure 4 shows examples of how reaction products evolve
following the introduction of deuterated methanol into a trap
containing just Syt(OH)zn—1 complexes. Obviously, the range
of complexes that can be studied is influenced by the upper
mass limit of the trap (650 amu). As seen previously for the
hydroxide complexes, all ions of the form\MOH)zn—1-m(OR)m
display a marked resistance to fragmentation following colli-

sional activation. Such behavior again supports the assumption
that neither water nor alcohol adducts are present in the structure

of the complexes.

Formation of the stoichiometric hydroxide clusters,™
(OH)2n—-1 has been observed in the reactions of ionic clusters
of calcium i = 2—6), strontium @ = 2—5), and bariumr =
2, 3) with water molecules. For calcium, the other products of
these reactions are £&@(OH)n-3, and their stability increases
with n with respect to that of GA(OH),,-1. Stoichiometric
SiTOp—10H, forn = 2, 4, and 6, and §rOp_,(OH)s, for n =
3 and 5, complexes are also formed in the reaction gf ®ith
water. The formation of BAO,4 ions previously reported in our
TOF MS study has been confirmed using an ion trap, and the
formation of Ba™O, has also been observed. Reactions between
Mn*(OH)z,-1 and alcohols ROH result in sequential substitution
of hydroxyl groups for OR until the complexes,MOR -1
are formed. The ionic oxide and mixed oxieleydroxide
clusters seem to be less reactive toward alcohols than stoichio-
metric hydroxide clusters f(OH)zn—1.
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