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Reactions of BO,™ and BOH™ clusters i < 3, m < 4) with D,O have been studied over a collision energy
range from 0.1 to 10 eV (center of mass). The reactivity and product branching are found to be highly dependent
on the structure of the reactant ion. When available, the preferred site of attack is on a terminal B atom, and
the chemistry is dominated by O and OD addition. Even for the most reactive clusters the peak reaction
efficiency is only 5-7%, indicating the presence of a bottleneck to reaction. When the reactant has no terminal
B atoms, reaction is 1 order of magnitude less efficient and appears to be dominated by attack at nonterminal
B atoms. The BO,H™ react similarly, suggesting that the added H atom does not block the reactive sites.
This is in contrast to the isoelectronic reaction with HF, where H addition decreased reactivity dramatically.
The results are compared with those for related reactions, and with @dzanitio results. In general, theory

is consistent with experiment; however, there remain a few problem species.

I. Introduction where the experimental threshold is more than 2 eV below that
calculated fromab initio energetics. The discrepancy cannot
be attributed to isomers, because there is no high-energy isomer
likely to be stabilized in the experimental cluster source.
In this paper we present results for reaction @OR" and
achieving the theoretical energy release from boron combustionB".OmH+ with [.)?O' The resul_ts reveal several reaction me.c.h'
anisms. In addition, the chemistry turns out to be highly sensitive

requires that FOntx species formed in combustion reactions to the reactant structure and thus provides a sensitive probe of
ventuall nver ). Th Hy are also interestin . - .
eventually convert to Bq(l). The BOnf are also interesting somer issues. Page and co-workers have been kind enough to

because the bonding is unusual and there are some significan#iII in some of the missina thermochemical data. and we are
and unanticipated discrepancies between experiment and high- 9 ’

level theory (see below). We have reported a study @8~ o8 8 808 & L ® TermE O e it
and B0rH" chemistry with HF; of interest because HF is an theory. The ma‘%r exc.e t%n is th,e HOBOBO molecule, where
important intermediate in combustion of fluorine-containing Y- y P '

compositions. We found that HF was quite reactive witg" thbe_ex_perlrrer;t |_mpl|e_|s_hsubs|ta_nt|ally %reaterl_stabllltgl than _tEe
but that addition of a single H atom dramatically reduced the 28(';]&'?50;;@“2206?' e relation to the earlier problem wit
reactivity of B,OyH*. One result of that study was a controversy :
regarding the stability of the FBOH molecule. Our results
required that FBOH be substantially more stable than indicated
by high-level ab initio calculations of Page, Soto, and co- All experiments were performed using a guided ion beam
workers? mass spectrometer, described in detail elsewhtr@riefly,
Partly to explore possible explanations for this discrepancy, boron oxide cluster ions are generated by 12 keV argon atom
we collaborated with the Page group on a combined study of bombardment of a thoroughly degass&g,0s; sample main-
BnOm' structure and energetiéDissociation thresholds were  tained near its melting point. The nascent cluster ions are
measured by us using collision-induced dissociation, and collected with a radio-frequency (rf) octapole ion glidend
structures and heats of formation were calculated by Page andhermalized by~1( collisions with helium buffer gas inside a
co-workers at the Gab initio level. For some B0y the labyrinthine rf ion trap. The desired cluster size is selected using
experiments and theory were in good agreement, but for othersa quadrupole filter, optimized to preserve the beam’s narrow
the experimental dissociation thresholds were significantly kinetic energy spreatland then the reactant beam is injected
lower. In some cases this could be rationalized by proposing into another rf octapole that guides the ions through a scattering
that the experiments were affected by the presence of a fewcell containing 5x 107 Torr of water vapor. Pressure
percent contamination by high-energy@," isomers with dependence studies indicate that this pressure is low enough
lower dissociation energies. As part of the study, we calculated that multiple collisions can be neglected. The octapole collects
expected isomer concentrations usaiginitio data as input to product ions and unreacted cluster ions, and guides them to a
density of states calculations. The conclusion was that for mostconventional quadrupole mass filter, where they are mass
of the B,Omt, the isomer contamination should be negligible. analyzed and counted.
The possible exceptions were@ " and BOs™, where isomer- Polycrystalline BO3; was prepared for sputtering by melting
ization barriers (not calculated) might be large enough to it onto a stainless steel substrate and heating to €5t a
stabilize some population of the high-energy linear isomers. The flowing stream of Q for abou 4 h toremove water from the
most serious discrepancy was found fgOg" — B,O," + BOx, bulk. After cooling, a thin vitreous film of boron oxide results.
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BnOmHx chemistry is critical in combustion of boron, a
potential high energy density fuel additive. Boron particles are
coated with a BOyHx layer, and the chemistry and properties
of this “oxide” layer control particle ignition. In addition,

II. Experimental Approach
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The oxide-coated substrate was then mounted on a heatabldying isomer calculated is cyclic, and we expect that nascent
sputter stage in the source vacuum chamber. To removecyclic isomers will be efficiently converted to the linear ground
additional water, the oxide is heated to 3550°C in vacuum state. Nonetheless, the experimental abdnitio dissociation
(~10" Torr) for several hours. To reduce water adsorption from thresholds differ by about 2 eV, suggesting a real discrepancy
the chamber background, the sample is kept near its meltingbetween experiment and theory.

point during the experiment. Even with these precautions, some Chemical reactions are potentially more sensitive to isomer
BnOmH™ ions are produced, probably due to residual water distributions than collision-induced dissociation. The previous

contamination. study of B,On"™ chemistry with HE did not shed much light

To avoid mass interferences, we used #B and DO on the isomer issue, because the reactivity and product branching
isotopic combination. Isotopically purifiedB,03 (94.11 at. % are nearly independent of reactant structure. In contrast, the
10B) was obtained from Eagle-Pitcher. For thgdB," + water reaction with water is quite structure sensitive and provides a
reactions, monitoring®B reactant and product ions completely test of theab initio structures and of the experimental isomer
eliminates interference from botfB and B,O\H™ contamina- contamination levels.
tion. For the BOyH™ + D,O reaction, we have to correct for
background due to contamination of tHf8,0,H™ beam by IV. Results and Discussion

isobaricB19B,,_,0n,". This is straightforward, if painful, using
the measured reaction cross sections for the peBaOnt
clusters. The magnitude of the correction increases with number
of boron atoms, and for s;H", where the signal is unusually
low, we were unable to obtain good corrected cross sections.
We did not measure isotope effects (D 8B) for the oxide
system; however, we note that in our previous work off B
reactions with watef, no isotope effects were observed. In
addition, we have occasionally compar®® and1B effects

on B," chemistry with no significant differences found.

Cross sections for reaction of,8," with D,O are given in
Figure 1. Analogous results for reaction of@.H* with D,O
are given in Figure 2. In each figure, the total cross sections
are shown as a heavy solid line. To avoid clutter, each product
channel is only plotted over the collision energy range where it
is significant. In previous boron and boron oxide cluster ion
reactions, we have found that a few reactions dominate over
the entire range of cluster sizes and collision energies. For
example, in the reaction of,B with D,O,” the dominant reaction
is By + DO — B,-1D" + DBO, presumably driven by the
high stability of the DBO product. Similarly, for " + HF,
the product distribution is dominated by elimination of FBO,
FBO', FBOH, and FBOH from the collision complex.In both

We recently reportéda study of BOy," that combined cases, these dominant reactions proceed with high efficiency.
measurements from the Anderson group with high labehitio Here, the situation is much more complicated. Despite the
calculations from the Page group. Since the resulting insight existence of several exoergic channels for each react&'B
into cluster energetics, structures, and isomers is important tototal reaction efficiency is small. For the,B", there are 12
interpreting the present results, we will briefly summarize the different product ions and 16 different neutral products, reflect-
main points. Boron oxide clusters tend to form linear or cyclic ing the existence of many product combinations with similar
structures with the maximum number of BO bonds. In cases stabilities. For ROH™, the branching is even more complicated.
such as BO, BO;", and BOs", only a single low-lying It is difficult to come up with a set of graph symbols that are
structure is possible: linear BO, OBO, and OBOBO, respec- consistent and at least semilegible. The symbols used are keyed
tively. For oxygen-poor stoichiometries {8%, B,O,", and to the identity of either the neutral or ionic product, depending
BsOs™) a number of low-lying isomers are possible. For on which seemed to be more common across the set of reactants.
example, the most stable structure fos(B" is linear OB- A. B,On" + Water. Table 1 summarizes the thermochem-
BOBO". Linear BOBOBO is only ~0.6 eV higher in energy, istry for reaction of RO, with water. Except where indicated,
and a third isomer (OB(cyclic)BOBO) is only 1.1 eV above  the thermochemistry is calculated witkH; values from Lias
the ground state. For our largest oligomesOB", the ground et al® and from ab initio calculations of Page and co-
state is linear (OBOBOBO), but there is an isomer consisting workers3?1° Virtually all AH¢ values for boron-containing
of OBO bound to a BOBO ring that is 1 eV higher in energy. reactants and products are from theory, because experimental

An important question, therefore, is the extent to which our values are not available. For a few reactions the product
experiments are affected by the high-energy isomers. To addres€nergetics are unknown, and the heat of reaction values are
this question, we calculated isomerization transition state based on estimatedHs's derived from similar species using
energies and vibrational frequencies and used this informationaverage bond strengths. For comparison, the table also gives
to model the unimolecular isomerization kinetfc#/e found the energetics for collision-induced dissociation (CID) of the
that the barriers separating thgclic isomers from the ground  reactant oxide ions, based on thb initio calculations’ For
states are, in each case, too small to stabilize a significantthe case of BO4*, where there is a large discrepancy between
(>0.1%) fraction of these excited isomers, as the nascent clustertheoretical and experimental CID energies, both values are
ions thermalize in our collisional cooling trap. The analogous given. Overall, there is good agreement between the thermo-
calculations for linear-to-linear isomerizations were not done. chemistry and our observations. With one important exception,
We tentatively conclude the following. For BOBO.*, and all reactions observed at loW., are also calculated to be
B.Os*, both lack of possible isomers and agreement between exoergic, and the thresholds calculated for endoergic reactions
calculated and experimental dissociation energies suggest thagire consistent with observation.
only the ground state isomer is significantly populated in our  Clearly an experiment like ours gives no direct evidence for
ion beam. For BO*, B,O,", and BOs™, it is possible that we the structure of reaction products. In some cases the structure
may have a few percent contamination frdmear excited is unambiguous; for example, OBOBO is the only likely
isomers (e.g., BOBOB®. This might explain why the experi-  structure for BOs. In other cases several possibilities can be
mental dissociation thresholds are ©56eV lower than those imagined. To calculate thermochemistry, we have to assume
calculated for the ground isomers. Fog@™* the only low- structures, and for want of other information, we have assumed

lll. B nOm™' Structures and the Composition of Our
Reactant Beam
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Figure 1. Cross sections for reaction of,8," with D,O. In each frame, the total cross sections are shown as a heavy solid line.
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that all species are in their most stable forms, unless otherwisein product branching for the more reactive clusters. In most
indicated. In the text, tables, and figures we have sometimescases, the products observed, and their appearance energies, are
used structural formulas for products to help clarify mechanistic similar to the fragmentation behavior observed in collision-
proposals or bonding possibilities; however, it should be kept induced dissociation (CID) with argon or xendRor example,

in mind that the true product structures (and reaction thermo- xenon CID of BO4* gives rise to BO,t + BO, and BOs* +

chemistry) may be different.
Reaction at High Collision Energies.For all the reactant

B,Om', and as a flattening of thE., dependence and change

BO, with experimental threshold energies around 4.25 eV. In
scattering with water the same two product ions are observed,
oxides there is a cross section component that turns on at highwith appearance energies similar to the experimental thresholds
Eco. This appears as a well-separated peak for the less reactivdor Xe CID. Note, however, that the product branching ratios
can be quite different for BD compared with the rare gases.
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Figure 2. Cross sections for reaction of,8,H™ with D,O. In each frame, the total cross sections are shown as a heavy solid line.

For example, CID of BO4t gives BO," and BOs* in a 3:1 appearance of the high-energy products, &d BO, is
ratio, while in reaction with water, the branchingy4.:1. While coincident with the disappearance of two of the major low-
it is conceivable that this might reflect some change in CID energy product ions, £," and BGQ™. In xenon CID of BO,"
dynamics, it is more likely that there is a chemical contribution and BQ™, the dominant product ions aretBand BQ™,
to the BOs* signal: BO4" + DO — B,O3" + DOBOD. respectively. This suggests that much of theg®id BO™ might

In other cases, the evidence for chemical channels at highresult from the following mechanism:
energies is unambiguous. For example, in Xe CID ¢OB

the lowest energy B0,™ + O channel dominates over BO+ B,O"+D,0—B,0,"+D, —B"+BO,+D,
BO by more than 1 order of magnitude. In contrast, reaction
with DO at high energies generates exclusively,B@ith an — BOZ+ + DBOD— BO" + O + DBOD

appearance energy almost 2 eV lower than calciidbedimple
CID into this channel. Clearly, the BO signal results from In the reaction of BO,™ with D,0, the two high-energy product
the reaction BOs* + D,O — BO," + DOBOD. The appearance  channels (B and BO") also turn on as the dominant low-energy
energy,~4.3 eV, is consistent with the 4.13 eV threshold energy product ion (BOs") disappears. In this case, however, it seems
estimated usingb initio heats of formation. Finally, in some  unlikely that a sequential process is involved, becaugesB
cases, the product ions contain atoms from both reactants. Indissociates almost exclusively ta®," + O. Clearly, the B
reaction of BO" and BQ with DO, for example, in addition and BO" must result from other processes.
to the “fragmentation” channels, there are products like BOD In summary, it appears that the high-energy scattering of
and DOBO'". B,On™ from D,O is dominated by chemical reactions, and
One possible origin for the high-energy products is dissocia- possibly decomposition of primary reaction products, but there
tion of nascent chemical reaction products that are too internally probably is also simple CID. We will focus the balance of the
excited to survive. For example, in the reaction oDB, the discussion on chemistry at low collision energies.
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TABLE 1: Energetics of Observed Reactions for ROp," Eco range from 0.1 to 1 eV, while the collision cross section
with D20 drops by only a factor of-5.
reactant products AHin (kcal/mol)  AHun (eV) We believe that the best explanation for both the sti&agp
BO* BO," + D, ~11.8 —051 dependence and the low reaction efficiency is the existence of
BO,D"+D —44.4 -1.92 a bottleneck or tight transition state that limits reactivity. In
BOD* + OD —31.0 —1.34 this scenario, reaction is promoted at low energies by formation
39%;) _1§§ 0 _%Zsao of an electrostatically-bound complex that allows time for the
B,0' B,O, +D, 625 271 reactants to find the appropriate_ geometry or to undergo the
B,O.D* + D —78.1 —3.39 requisite rearrangement. As collision energy is increased, the
BO;" + BD, ~54 ~2.3 lifetime of this weakly-bound complex decreases rapidly, leading
BOD" + DBO —78.2 —3.39 to a drop in reaction efficiency. Note that similar shd&g,
DBO” + DBO —39.8 —-1.72 dependence is observed for reaction gDR" with HF! and
gg?i JBF(%Z :zg:g :g:g? for reaction of B with Hl_:,12 CO_Z,_13 and_water7, although for
B* (CID >90%) 43.8 1.90 those systems the reaction efficiency is much higher and the
BO™ (CID <10%} 155.4 6.74 sharpness is less pronounced.
BO,” BOD'+0D —-185 —0.80 It is not clear what might give rise to a bottleneck/tight
383DD+ : [')302 _gfs _31'2;8 transition state. This cannot be a_sim_ple steric effect, sin_ce the
BO* + D,O, 948 41 B:.Onm" geometries leave all potential sites fof@attack readily
BO* (CID ~90%) 129.1 5.60 accessible. All the major product channels are also spin-allowed.
B* (CID ~10%}y 94.4 4.1 It may be that reaction occurs only for a precise reactant
B:O;"  BOs" + D —9.3 —0.40 geometry or by a highly concerted mechanism.
B,OsD* + D —49.5 —2.15 To g . itative idea of the lifeti b q
BO,D* + DBO 150 _065 give a semiquantitative idea of the lifetimes to be expecte
BO,D,* + BO —4% _oa for a weakly-bound complex, we carried out an approximate
B* (CID ~90%) 94.5 4.10 RRKM calculatiod*for a medium size complex: 8,"—D,0.
BO* (CID ~10%y 142.4 6.20 Ab initio® vibrational frequencies and geometries were used for
B2Os" 8203'3: + OD —26.1 —-113 the B,O," moiety, and experimental frequencies were used for
ggﬁBfiBB%zD f’é‘“’ 78:%7 D20. The BO,*~D;0O binding energy was estimated to be
BO," + BO,D, 95.1 4.13 about 0.65 eV on the basis of an iedipole attractive potential,
BO," (CID) 139.9 6.07 assuming a binding distance o2 A. For the intermolecular
B:Os" BO;" + B,O,D- -7 -0.3 low-frequency modes in the complex we guessed a set of values
BO,D™ + B,O,D —4& -2.r ranging from 50 to 100 cri. For convenience, the transition
gzg; E—ClBDOi%Z% y ﬁié i:gg state (TS) was as;umed to be only moderately loose; i.e., the
B* (CID >90%) 731 317 intermolecular torsions were assumed to drop in frelqu.ency by
B;O,t BO,D* + B,O:D 83.9 3.64 about a factor of 2 but not to the free rotor limit. Within this
BO.D;" + B,Os —36 -1 model, the lifetime is~60 ns atE., = 0.1 eV, dropping by 3
B20;" (CID ~75%) 144.9 6.28 or 4.25 orders of magnitude a&., is increased to 0.5 eV. The
B205" (CID ~25%F 149.1 6.46 or 4.25 magnitude of these lifetimes is highly uncertain because we do
2Based on at least one estimat&H; value—uncertainty unknown. not know the true BO,™—D,0 binding energy or TS properties;
b Percentages refer to branching observed in CID with inert gas targets.however, the rapid drop in lifetime witBo is consistent with
¢ Ab initio and experimental values, respectively. the proposed mechanism.
Reaction at Low Collision Energy. There are two real Whenever reaction efficiencies of only 1% are observed, we

surprises in the results presented here. Reaction efficiency isneed to consider the possibility that the signal might wholly or
much lower than might be expected for exoergic-ionolecule partly result from a reactive contaminant in the beam. As noted,
reactions with no barriers. Also, product branching is not always it is possible that we have a few percent of high-energy linear
in line with calculated reaction exoergicities. It is not possible isomers, at least for ®*, B;O,", and BOs". While we cannot

to conclusively address these questions given the state oféxclude some contribution from isomers, the following points
knowledge regarding the energetics, structures, and reactivesuggest that most of the low-energy reaction is due to the ground
properties of the B, and HB,Oy". In the discussion below  state isomers: (1) The observed reactions are predicted to be
we point out the interesting features, compare our results to Substantially exoergic for the ground state isomers, so there is
theory by Page and co-workers, and attempt to speculate onn0 need to invoke excited species. (2) Simias dependence
mechanisms. The mechanistic speculations are just that, ands observed for reactants where isomer contamination is likely
more information from theory will be required to understand (€.9., BOs™) and unlikely (e.g., BOs"). (3) The low-energy

the surprising chemistry. reactivity correlates well with thground statésomer structures
On the basis of reactivity at 0V, the clusters can be  (next paragraph).
divided into two groups. BO, B,O™, and BO,"™ have total cross Both total reactivity at lowE, and the dominant product

sections peaking near 102 Awhile the remaining clusters are  channels are strongly correlated with the calculated ground state
about 1 order of magnitude less reactive. In all cases, reactionisomer structuré.The correlation of total reactivity is shown
efficiency (the ratio of the total reaction cross section to the in Table 2. Reactivity is highest for®* and BO,", both of
capture collision cross sectibjis relatively low, ranging from which have terminal, singly-bonded boron atoms."Bilso has
~0.5% to~7% atEc, = 0.1 eV. This is despite the existence a terminal boron atom, but doubly-bonded, and reactivity is
of several exoergic product channels for eagldg". For the about half that for BO™ and BO,". The other clusters all have
less reactive cluster ions, the efficiency also has an unusuallyonly terminal oxygen atoms, and reactivity is substantially lower.
strong dependence on collision energy. In some cases the totallhe correlation is particularly interesting in light of the isomer
cross section drops by almost 2 orders of magnitude over thecontamination question. 83" is calculated to have the=©
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TABLE 2: Ground State Isomer Structures, Energetics, and Low-Energy Reactivity

ground state AHC 20 oror (A?) BnOmH* oror (A?) for
reactant ion structuré (kcal/mol) atEc =0.1eV structure B.O-H" at 0.1 eV

BO* B=0O 304.0 5.9 BOH P 4.9

BO,*" O0—B—0 234.4 0.3 HOBO® 0.5

B.O" B—O—B 286.0 12.1 BOBH ¢ 7.3

B.O,* B—0O—B=0 165.7 11.4 HBOBO® 24

B,Os*" O=B—0=B—0 98.6 1.0 HOBOBO® 0.9

BsOs*" O0=B—B—0—B=0 56.3 0.5

B3O4" O=B—0—B—0—B=0 —46.4 1.1 HOBOBOBO ¢ 1.94

2 From Peiris et at. ® From Napora and Pade® From Thweatt and Pagé. ¢ By analogy with the calculated structures for }¥B" and HBQ™.

SCHEME 1 - Attack on terminal B

DD + D,+ OBOBO"
+ _ DD . D -
B-O-B-O+ B.0-B-O b,O-B-O-B-O — .
D + DOBOBO
SCHEME 2 - Attack on non-terminal B
* +
D.o D . Dop __oBoD
+ '—\D‘O’D . 0-B-0-B-0 DORO
0-B-0-B-0 08-0B0— .
OBOD; + BO,

Figure 3. Possible reaction mechanisms fo@;" with D-O.

B—B—O—B=O" structure, with the B-O—B—O—B=0O"
isomer 13.4 kcal/mol higher in energy. If there were significant
contamination by BOBOB®, we would expect increased
reactivity compared to neighboring O-terminated oxides due to
the singly-bonded boron termination. In addition, we would

expect to see the O and OD addition reactions characteristic of

the B-terminated oxides. In fact, the total reactivity ofB*"

is very similar to both BOst and BO4*, and no signal is
observed for O or OD addition. Clearly, contamination by the
high-energy isomer is, at least fors@;*, insignificant. For
B.O.*, the other case where isomer contamination is most likely,

the ground state BOBO isomer is reactive, and any contamina-

tion by the (presumably less reactive) OBBO isomer would
make a negligible contribution to the reactivity or product
branching.

The product branching in reaction with water is not simply

determined by the exoergicity of the product channels. This can

be seen clearly in Table 1, which lists the channels in order of
the branching fraction at o, For the B-terminated, oxygen-
deficient clusters (B®, B,O", and BO,") the dominant channel

is O addition:

B.O, +D,0—B.0,.,+D, 1)

leaving the product oxide closer to the saturate@Bi"

from attack on the terminal B atom, followed by rearrangement
and fission or possibly by attack at some other site.

One curious point is that reaction 1 dominates even though,
in each case, there are more exoergic channels. In particular,
reaction 2 is not only more exoergic than reaction 1, but the
transition state for D elimination (reaction 2) should be looser
than for D elimination (reaction 13>16If the D/D; elimination
process was the rate-limiting step, then reaction 2 should
dominate,and the fractional branching should increase with
increasing energycontrary to observation. The magnitude of
the total cross section at lolt, indicates that there must be a
bottleneck that limits reaction efficiency t910%. The implica-
tion appears to be that the rate-limiting bottleneck is for water
attack on the oxide, rather than product elimination. As already
noted, it is not clear why there should be a bottleneck to attack
the reactions are highly exoergic, there is no spin restriction,
and for these B-terminated oxides no rearrangement is required
to give the most stable product structure.

For the O-terminated, fully-oxygenated reactant§QB1",
the reactivity is roughly 1 order of magnitude lower than for
the B-terminated oxides. For BO and B,Os", D addition is
an important channel, e.g.;83" + D,O — OBOBOD" + OD.

This is the only example of chemistry that clearly involves a
terminal O atom and presumably reflects the large energy for
bonding a hydrogen atom to the singly-bonded terminal O atoms
in these specieD(OBO"—H) = 5.9 eV,D(B,0Os"—H) = 6.3
eV?). This reaction could proceed by direct D addition to the
terminal O atom, or possibly by O attack on the adjacent B
atom, followed by rearrangement and OD elimination. The
absence of this channel for;8,7 may reflect a weaker
OBOBOBO"—D bond, attributable to the doubly-bonded ter-
minal O atoms in BO,™.

The other chemistry observed for the,@®+1" is best
rationalized as attack on nonterminal B atoms. Fgdf and
B304, the reactions all involve fission of the oxide backbone,
producing stable ion/neutral products such as DOBO, DO-
BOBO, B,Os, and BQ. By analogy with the mechanism
proposed for reaction of HF with B®n,", we propose the

stoichiometry. To a large extent, this reaction is responsible both ,echanism depicted in scheme 2, Figure 3. FopB@ssion
for the enhanced reactivity of these B-terminated oxides and is not thermodynamically favored, but there is a small signal

for the slower fall in their reactivity with increasirto. Since

for BOsD* + D, corresponding to OD addition to the central B

this channel is only seen for B-terminated reactants, it seemsatom The structure of the BO™ ion is not known, but intuition
likely that the reaction proceeds by attack on the terminal B suggests a 3-coordinate central boron atom.

atom, as shown in Figure 3, scheme 1. The product channel

next in importance is OD addition:

B.O, +D,0—B.0,.,D"+D @)

The chemistry of BOs™ is quite similar to that of BOz™ or
BzO4™, despite the fact that it has the same oxygen-deficient
stoichiometry as BO or B,O,". As noted, this reflects the
structure of BOs", calculated to be OBBOBO'. Despite the
fact that the O and OD addition reactions are, respectivedy,

Again, this channel is only found for the B-terminated reactants, and~86 kcal/mol exoergic, neither occurs. This reinforces the
suggesting that reaction is initiated by attack on that site, as in proposal that these reactions take place only at terminal B atom
scheme 1. For " and BO,", there are also several channels sites. Instead, what little chemistry there is occurs by insertion/
that involve fission of the reactant oxide. These could result fission:
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OBBOBO' + D,0— OBO" + D,BOBO ©)

— OBOD" + DBOBO (4)

tapicki et al.

exceptions are FOHT and BO,H™, where reactivity drops by

a factor of ~1.7 and~4.8, respectively. We will focus the
discussion on comparing the chemistry ¢f&8," and B,.O,H™,
with the goal of refining the reaction mechanism. In particular,

Note: The structures for the neutral products are not known, the results for RO H* indicate that hydrogen migration is easy

and the energetics (Table 1) have been estimated by assumi
bond additivity.

The only serious discrepancy between our results andlihe
initio thermochemistry appears for@8,". The two reactions
observed at low collision energies are, in order of decreasin
importance

B,O," + D,0— DOBO" + DOBOBO (5)

(6)

The structure and energetics of EB' are unknown, but
intuition suggests a DOBODstructure, and we estimate that
reaction 6 should be 1.6 eV exoergic. For reaction 5, we have
ab initio heats of formation for DOB®, B;O,", and DOBOBCX
leading to the prediction that this reaction should-+&6 eV

—BO,D," + B,0O,

NGn the time scale of the collisions, at least for some reactants at
low collision energies. For the hydrogenated reactants, the
product thermochemistry is known too incompletely to allow
construction of a table analogous to Table 1.

The small effect of H addition on reactivity toward water is
very different from the situation in the isoelectronic reaction
with HF. There, the reaction efficiencies are high fOB*
but drop substantially for @,H™. There is not a large
difference in reactivity between the B- and O-terminated reactant
oxides, and the products in all cases correspond to cleaving a
BO from the reactant. We proposed that reaction with HF is
initiated by attack on the B atom in a terminal BO group, leading
to elimination of neutral or cationic FBO or FBOH, analogous
to the mechanism proposed in scheme 2, Figure 3. The large
effect of H addition on reactivity toward HF was taken as

g

endoergic, contrary to observation. In this case, we feel that evidence that attachment of the H atom reduces the affinity for
there is a real disagreement between theory and experimentHF attack at the affected site.

and it probably involves both #,% and DOBOBO. In our
combinedab initio/experimental study of boron oxide catiohs,
the calculations predicted thag®,+ should be~2.4 eV more
stable than the experimental dissociation threshold. Using th
experimental stability for BO4+ would lower the endoergicity
of reaction 5 to 1.2 estill clearly inconsistent with experi-

ment. We therefore feel that the heat of formation calculated

for DOBOBO (—169.08 kcal/md)) is too high by at least 1.2
ev.

This disagreement is reminiscent of one for the molecule

FBOH, where our experimenritalso suggest a heat of formation
substantially lower than predicted by thedrytheory and
experiment agree that the DOBOB®@ation is strongly bound
(D(OBOBO"—H) = 6.29 e\?), but the calculations predict that
the neutral molecule is much more weakly bouBg@BOBO—

For reaction of the bare oxide cations with@ the results
suggest that the preferred site of attack is on a terminal B atom,
and when this is possible, the product distribution is dominated

eby O and OD addition (scheme 1). For BOHB,OH™, and
B,O.H™, but only these, we also see O and OD addition with
reasonable efficiency, suggesting that a terminal B atom site
remains accessible in the hydrogenated reactants. For@g B
without terminal B sites, reaction occurs by attack on nonter-
minal B atoms (scheme 2), but with much lower efficiencies.
The same reactions are seen for the analogoyGmB™,
indicating, again, that the added H atom does not block the
reactive site.

When our HF study was reported, the structures of the
BnOnH™ were mostly unknown. Recently, thanksab initio

H) = 1.04 eV) than implied by the experiments. The same is calculations of Page and co-worké@r®, the situation has

true for FBOH/FBOH, and we have given a detailed discussion
of this issue previously.As with FBOH, we have not been

improved. For BG, H is calculated to be strongly bonded to
the O atom, yielding BOH. For BO;™ and BOs™, the calculated

able to find an obvious explanation for the discrepancy, and structures also have H bonded to one of the terminal O atoms:
simply note that a few problems remain in the thermochemistry HOBO" and HOBOBO'. The O-H bond formed is quite strong

of B,OnHx. In this case, the discrepancy has significant
implications for boron combustion. As noted, conversion of
BnOmHyx species produced in combustion reactions t0O4l)
is necessary to achieve the maximum energy releaseQfHB
is strongly bound, as experiment suggests, then this species m
be difficult to dehydrogenate.

B,Om™ Summary. For B,Oy,", there appears to be a clear

relation between reactant structure, reactivity, and product and BOH*

branching. Water attacks preferentially at terminal B atoms
leading to O or OD addition with moderate efficiency. For
reactants with no terminal B sites, reaction is 1 order of

magnitude less efficient and is mostly initiated by attack on a

nonterminal B atom, leading to either addition (for BQ or
fission (BOs™, B3Os", and BO,s"). For B;Os', the results

suggest that contamination by high-energy isomers is negligible

indicating that the collisional cooling process in our source

effectively anneals the reactant clusters. In general, our results

are consistent with thab initio calculations of Page and co-
workers, but there are a few unresolved discrepancies.
B. BAOnH™* + Water. As shown by Figure 2 and Table 2,

addition of a single H atom to the reactant oxide cations has

relatively little effect on total reactivity at loviEc,. The main

(D(OBO*—H) = 5.9 eV,D(OBOBO"—H) = 6.3 e\?), as might

be expected from the structure of the oxide cations, each of

which has a terminal, singly-bonded O atom with an unpaired

electron available. For #4H", the structure is probably
ayHHOBOBOBO', but as noted above, there is some suggestion

that the G-H bond may be weaker.

The structures are less obvious for species such,@s1B
. The lowest energy structure ob8" is BOB™,
' calculated to be about 8 kcal/mol lower than BB@ne could
imagine three low-energy ®H" isomers: BOBH, HBBO™,
and BBOH". Thweatt and Page have recently calculated the
energetics of these isométsand find that the most stable is
BOBH™' (AH; = 214.4 kcal/mol), followed by HBBO (AHs
= 228.4), and BBOH (AH; = 257). There are also several
"higher energy ring or triplet isomers. Fos@H™*, Thweatt and
Page have calculated energetics for the following isomers. The
most stable is linear HBOBO(AH; = 97.1), followed by linear
OBBOH'" (AH; = 106.8), planar BOBOH (AH; = 121.9), and
cyclic C,, BOOBH" (AH¢ = 123.4).

For BO", the dominant low-energy reactions are O and OD
addition:



B.On™ and BOyH™ Reactions with Water

BO" + D,0— OBO" + D,
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SCHEME 3

DD . . DOBG' + HD
+
— OBOD" +D PR s —DOBOH' +D
B-O-H B-O-H H N
For BOH", the same reactions are observed, and the cross DOBOD +H
section at lowE is only slightly reduced: gCHEMH . OBOBH' + D,
D., +
o
BOH" + D,0— OBOD" + HD (7 + _. PP — DOBOBH' +D
BO0-BH B-O-B-H o
—BO,D,+H (8a) N o .
D-0-B-0-Byy ™ popog
— + + +
BO,DH™ +D (8b) SCHEMES — g_f— _- HOBOBO +D,
- . . D _0.8.0 — DOBOBO +HD
The fact that reactivity and product branching are similar for D? > 2 0-8-0 N HOBOBOD +D
BO* and BOH' is consistent with both reactants having the R N .
preferred terminal B atom site. A feature of the results that is H-B-0-8-0 DD — BQH,+HBO
difficult to explain is the preferential loss of HD, rather than H-B-O-B-0 ™~ g4
D.. Suppose, for example, that the reaction proceeds by attack BOHD +DBO

on the terminal B atom, as in Figure 4, scheme 3. If the H/D Figure 4. Possible reaction mechanisms fo@H* with D;O.
atoms do not migrate freely, we would expect onlylBss in

reaction 7 and unequal H/D loss branching in reaction 8, Atvery low energies, both (9a) and (9b) occur with nearly equal
Contl’ary to observation. Facile H/D migration would account probab”ny, but as the collision energy increaseS, the HD
for observation of both H and D elimination (reaction 8) but  elimination branching decreases rapidly. This is consistent with
does not explain why Pelimination is not observed. Facile  reaction via an intermediate complex with sufficient lifetime
migration in the absence of isotope effects should give a 2:1 tg allow H and D migration. Purely combinatorial statistics for
ratio for HD/D; loss. completely scrambled H/D would give a 1:2 ratio for reactions

Several factors suggest that the BOHeaction has a 9 and 9b. The nearly equal branching at low energies suggests
particularly tight bottleneck/transition state leading to products. that scrambling is not complete (isotope effects should favor
Most obviously, we observe the BD,H" adduct ion at low  Hp Joss). As the collision energy increases, the lifetime
collision energies, implying the existence of an intermediate decreases rapidly and HD elimination becomes less likely, as
complex with unusually long lifetime. The binding energy of opserved. A possible mechanism is shown in scheme 4, Figure
this adduct is unknown, but bond additivity using typical 4.

—BO—H bond strengths suggests a well depth relative to  For BO,*, the dominant reaction is OD addition, giving
reactants of 46 eV. For an adduct with few degrees of freedom Bo,D*+. For BO;H*, the only low-energy reaction observed is
and this magnitude binding to survive thel00us flight time nominally hydrogen addition; however, both D atoms in the
to the mass spectrometer, there must not be any facile reactionp,0 end up in the B@D,* product ion. The reaction is, thus,
channels. Further suggestion that the bottleneck to reaction ofactually water addition followed by OH elimination. At high
BOH" is tight comes from the very sharp collision energy collision energies, the major product observed for reaction of
dependence found for BOH relative to BO. Reaction is  BO,* is BO", and at least in the energy range below 5.6 eV,
relatively efficient at low energies where the complex lifetime  this must correspond to an O-abstraction reaction, yielding BO

is long but falls off rapidly with decreasing lifetime (energy). + p,0,. The same reaction (yielding BOH+ D,0)) is also
For a tight bottleneck/transition state, it is not unlikely that gominant for reaction of BgH*.

there could be substantial isotope effects, because the vibrational Fgr reaction of BOs*, several low-energy channels have
frequency distribution in the critical configuration depends roughly equal importance. ForBsH*, the analogous reactions
strongly on the mass of the atoms being eliminated. For occur with similar cross sections, with one exception. F@43,
example, the density of states in the transition state leading top addition/OD elimination has the largest cross section,
H or D elimination should be greater for H elimination, favoring  consistent with the high stability of the DOBOB®@ation? The
H elimination. This may account for the nearly 1:1 H:D analogous reaction for 8sH*, yielding DOBOBOH, is not
elimination branching, where the ratio would be 1:2 in the ghserved, suggesting that the affinity for addition of a second
absence of isotope effects. The same reasoning also favors Hbhydrogen is substantially lower than for the first. For reaction
rather than D elimination and this may account for the absence f B3O4H™, the product distribution is analogous to that observed
of significant D, loss. Not enough is known about the structure for reaction of BO,/—a variety of fission products, suggesting
and frequencies of the adduct and critical configurations to an insertion mechanism as discussed above. There is clearly
attempt a quantitative calculation. some scrambling of deuterium labels, suggesting that the
For BOH", total reactivity at low energies is a little more  reaction may proceed via an intermediate that lives long enough
than half that for BO*, consistent with one of the terminal B tg gllow some rearrangement.
atom sites being blocked in the BOBtground state structure. The reactant showing the largest changes upon H addition is
As expected for reaction at the remaining terminal B, both O Hp,0,*, and this case is also the hardest to rationalize within
and OD addition are observed: our reactive site mechanism. Assuming that we have the most
stable isomer, the reactant structure is predi€tem be linear

B,OH" + D,0—B,0,H" + D, (9a) HBOBO". Since the H atom is bound to the terminal boron
N site, we might expect this to substantially modify the chemistry,
—BO,D" +HD (9b) and indeed, the low-energy cross section is about a factor of 5
lower than for BO,". Nonetheless, the product distribution is
. +
B,OHD" +D (10) dominated by O addition, as expected for attack at a terminal
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B atom site: B,OmH™ Summary. The chemistry for the hydrogenated
oxides is generally quite similar to that for the corresponding
B,O,H" + D,0—B,0,H" + D, (11a) BnOm'. It appears that water continues to attack at terminal B
atom sites when possible, leading to O and OD addition. In the
—B,0,D" + HD (11b) absence of terminal B sites, fission products dominate, and we

attribute these to attack at nonterminal B atoms, as,@nB;.

One possibility is that attack at the terminal B atom site Isotopic product branching indicates some possibility for D/H
dominates, even though the H atom is bound there, as shownmigration in the reaction intermediates.
in scheme 5, Figure 4. The presence of H could explain the
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