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Inversion in the relative stabilities of HBO and BOH upon ionization
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Ab initio calculations of the HBO—BOH"potential energy surface were performed at the
QCISD(T)/6—311++G(2df,2pd) level of theory. A lineafS,* *B=0-H species was found to be
the global minimum for the cation although the linéar" H-B=0 isomer is the global minimum

on the neutral HBG-BOH surface. Which isomer of the cation appears in various experimental
circumstances depends on how the cation is produced. lonizatith'oHBO should occur near
13.2 eV and will produce the metastable linear H=B" (I1) -radical cation, which is 36.9
kcal/mol higher in energy thaf®, * *B=0-H and is separated fromB—0-H by a 36.3 kcal/mol
classical barrier. lonization of HBO with less than 37 kcal/mol of excess energy will thus¥ield
H-B=O"; if the excess energy exceeds 37 kcal/mol, rearrangement & theB—0-H o-radical
cation can occur. Production of the cation via exothermic chemical reaction will likely give the more
stable?S, " "B=0-H isomer. The stability of th&S,* *B=0-H cation relative t&I1 H-B=0" is

due primarily to the large difference in the energies required to remove an electron frem a
bonding orbital in H-B=O or from a nonbonding boron-localized orbital in BOH. © 1999
American Institute of Physic§S0021-9609)30307-X]

I. INTRODUCTION much is known about the corresponding HBMd BOH
. . ations?! even though these cations have been observed as
The HBO and BOH isomers have been the subject 0feactants and products in mass-spectroscopic stddithat

intensiveab initio'~* and experiment&t '8 studies in part ; : ) .
: . otivated the present study. Correct interpretation of the ion-
because solid boron and boron-based materials are favorable

candidates for rocket fuel€2°It is now well established that 0/ecular reaction fngrgies and thermochemistry in which
the linear'S, ™ HBO isomer is the global minimum and that th_e HBd (or BOH ) ion undergoes subsequent reac_:tlon
the bent’A’ BOH isomer lies 45.0 kcal/mol higher in W|t_h a wide variety of reagent.s dema_nds thafc the experimen-
energy'® Moreover, the classical energy barrier for thetallsts know both the electronic bonding natgire., whether

+ ) S .
HBO—BOH isomerization reaction has been calculated tdheYy have H-@=B"o-radical or H-B=0O"m-radical charac-
be 74.4 kcal/mol? ter) and thermodynamic enerdg.g., relative to the H-B=0O

In the ground state of the HBO isomer, the bonding in-starting matgrie)l of the reactive ions. It was Iargely to ad-
volves H-B and B-Oc bonds, an oxygen-localizea non- dress these issues that we have undertaken this study.
bonding orbital, as well as bonds between B and O. These 10 the best of our knowledge, there are ab initio
 bonds arise from B and O 2 orbitals occupied by one calculations or spectroscopic experimental data that charac-
electron from B and three electrons from O. Betlbonding  terize these cations. In the JANAF Thermochemical
molecular orbitals are strongly polarized toward the moreTables?" it is assumedhat HBO' is the most stable isomer
electronegative oxygen atom, as a result of which their orand that it has &Il ground electronic state with the follow-
bital energies lie only slightly below that of the @arbital.  ing geometry parameters and vibrational frequencies:
It is for reasons that we denote this isomer H=B), al- R(H-B)=1.19A, R(B-0)=1.25 A, <HBO=180°, v,(0)
though, as Richardst al. notel* the BO bond order is likely =2559 cm?, v,(7)=801 cm'?, andvs(o)=1617 cmi.
between 2 and 3. As we will soon show, this assumption is not correct.

The BOH neutral isomer involves B-O and O-Hi The proposition that linear HBO (°II) is the most
bonds, a boron-localized nonbonding orbital, an oxygen- stable cation isomer is certainly questionable because it is
localized o nonbonding orbital, and an “out-of-plane” or- thought that much of the stability the neutral linear HBO
bital which is strongly localized on the oxygen but includesrelative to the bent BOH is due to the existence of the strong
(smal) contributions from the out-of-plane borom 2rbital. B=O =-bonding in the former. Hence, to remove one elec-
We can thus denote this isomer as-B®-H, realizing that the tron from a7 orbital of 12'*' HBO is expected to require
extent of BO# bonding is very weak. In this isomer, the considerably more energy than to remove an electron from a
boron-localizedr nonbonding orbital is the HOMO, and the nonbonding boron-centered orbital of bélm’ BOH. SO,
out-of-plane oxygen-dominant orbital is the next highest enynjess the ionization potentiéP) of HBO exceeds the IP of
ergy orbital. BOH by less than the BOH-HBO energy difference, the

In contrast to the situation with the neutral isomers, notgiate of H-B—O" will not be the lowest state of the cation.
To answer such questions, we performed accuabténitio
dAuthor to whom correspondence should be addressed. calculations on HBO and BOH', and we examined the po-
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TABLE I. Calculated molecular properties of the ground states of HBO a“dtential energy surface for the HBO-BOH isomerization.

BOH.

HBO (D..;,, 37)

BOH (C,, A")

QCISI(T)/6-311+ +G(2d f,2pd)
Eqcisom= —100.550 787
Re(H-B)=1.169 A
R¢(B-0)=1.208 A

w,(0)=2894 cm?t
w,(0)=1825 cm?
w4(7)=780 cnit
Teqcisom=0.0 kcal/mol

CCSDT)/TZ2P(f,d)?
Eccson= — 100.557 490
Re(H-B)=1.169 A
R.(B-0)=1.206 A

w,(0)=2888 cm?
w,(0)=1831 cm?
w4(7)=766 cnit
Teccsnm=0.0 kcal/mol

Experiment
Re(H-B)=1.166 67(41) R
Re(B-0)=1.200 68(10) A
v,(0)=2849 cmt¢
vy(0)=1817 cmt¢
va(m)=754 cmtc

QCISD(T)/6-311+ +G(2d f,2pd)
Eqcisom= —100.479 042
Re(B-0)=1.309 A
Re(O-H)=0.963 A
<BOH=121.1°

»,(a’)=3870 cm!
w,(a’)=1393 cm?
wy(a’)=616 cm?!
Teqcisom=45.0 kcal/mol

CCSDOT)/TZ2P(f,d)?
Eccsom= —100.485 797
R.(B-0)=1.307 A
R.(0O-H)=0.964 A
<BOH=121.5°
0,(a')=3852 cm!
w,(a’)=1397 cm!
wy(a’)=607 cm?t
Teccsom=45.0 kcal/mol

#Data from Ref. 14.
bData from Ref. 18.
‘Data from Ref. 15.

Il. COMPUTATIONAL METHODS

We optimized the geometries of HBO, BOH, HBO
BOH' and the transition state (TS) for the
HBO"—BOH"isomerization employing numerical gradi-
ents with polarized split-valence basis se{$-311
+G(2df,2pd)) at the QCISIT) level of theory?* Results
of our calculations of the neutral HBO and BOH species
agree very well with the best published CGSWTZ2P(f,d)
results obtained by Richares al}* as well as with the avail-
able experimental dat@ee Table)land we expect the same
accuracy for the cationic potential energy surfaces. The fun-
damental vibrational frequencies, normal coordinates, and
zero-point energie$ZPE) were calculated by standard FG
matrix methods. All of these calculations were carried out
with the GAUSSIAN 94 program?®

I1l. FINDINGS
A. HBO and BOH

In Table | we present results of our calculations on HBO
and BOH at the QCISO)/6-311+G(2df,2pd) level of
theory together with the earlieab initio results at the
CCSOT)/TZ2P(f,d) level of theory obtained by Richards
et al.i;1 and the experimental data for HBO of Kawashima
et al:

Our optimized bond length&and BOH anglg for both
isomers agree with the beab initio data to within 0.002 A
(0.4° for the anglgand are somewhat longer for HB@y
0.002 A for BH and 0.007 A for BDthan the experimental
data. The energy of the behA’ BOH isomer relative to the
linear 1% HBO was found to be 45.0 kcal/mol at the

TABLE II. Calculated molecular properties of HBQBOH", and their transition statg3'S).

HBO" (C..,, 2II)

HBO™ (TS1) (C, 2A")

BOH" (C..,, =%)

QCISD(T)/6-311++G(2df,2pd)
Eqcisom)= —100.064 728
R.(H-B)=1.174 A
R.(B-0)=1.305 A

w,(0)=2860 cm?
w,(0)=1463 cm?t
wy(7)=755 cmtd
wy(m)=679 cmld
Teqaisom=36.9 kcal/mol

HBO" (C..,,, 2=7)

QCISD(T)/6-311++G(2df,2pd)
Eqcisom= — 100.006 920
R(B-0)=1.243 A
Re(B-H)=1.275 A
<HBO=85.23°

w,(a’)=2221 cm?
w,(a’)=1680 cm?
wy(a’)=1178 cm™*

TeQCISD(T): 73.2 kcal/mol

HBO*(TS2(C,, 2A")

QCISD(T)/6-311+ +G(2df,2pd)
Eocisom= — 100.123 593
R,(B-0)=1.218 A
R.(0-H)=0.967 A

0,(0)=3819 cm?!
w,(0)=1834 cm?
wy(7)=301 cm?t

Teqcisom= 0.0 keal/mol

BOH" ( C..,, 2II)

QCISI(T)/6-311+ +G(2df,2pd)
Eocisom= —99.999 141
Re(H-B)=1.195 A
R.(B-0)=1.243 A

w,(0)=2617 cm?t
w,y(0)=1621 cm?t
w4(7)=691 cni?
TeQClqu): 78.4 kcal/mol

QCISD(T)/6-311+ +G(2d f,2pd)
Eqcisom= —99.908 914
Re(B-0)=1.429 A
Re(B-H)=1.455 A
<HBO=56.20°

w(a')=1791 cm?
w,(a’)=988 cn?t
wy(a’)=1754 cm!
Teocisom=134.7 kcal/mol

QCISD(T)/6-311++G(2df,2pd)
Eqcisom = —99.968 509
R.(B-0)=1.785 A
R.(O-H)=0.988 A

TEQCISD(T): 97.3 kcal/mol

&The Renner-Teller effect causes our calculatedbrational frequency to be not degenerate. Therefore, as an
approximation, we averaged our two frequencies to obigjfwr) =717 cmL.
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158 eV 2. BOH*
150 eV 14.8 ¢ BOH' (1) Within the Cs-symmetry of bentA’ BOH, we have a
HBO™ (T "% la’?2a'?3a’?1a"%4a’'? electronic configuration with the
H . 1a’, 2a’, and 3’ orbitals describing the BO and Ont
13.2 eV B—O bonding and O-localized nonbonding electrong,” Is the
HBO" (*10) A" out-of-plane orbital described in Sec. llIB1 as involving
. 1L6 eV very weak BOsr interaction, and 4’ is the B-centered lone
BOH' (=) pair. At the Koopmans’ level of theory, the two lowest IPS
are IP(4’')=10.06 eV and IP(&")=16.22 eV, the latter
32V being close to ther IP found in the H-B=O isomer, and the
TR T 0e former being much smaller because the' 4rbital is cen-
B0 "TBOH (‘A) tered on the less electronegative boron.
(A) We therefore expect that the A’ state

(1a'?2a’'?3a’?1a"%4a’'t) will (vertically) be substantially

lower in energy than th@A” state (&'22a’?3a’?1a"*4a’?)

for the BOH" cation. This state ordering is indeed what one

FIG. 1. Diagram of the relative stabilities of HBO, HBPBOH, BOH,  finds upon vertical ionization, but subsequent geometry op-

and (TS) structures. All data were obtained at the QCIB6-  timization of the?A’ and2A” states leads to linear BOH

311++G(2df,2pd) level of theory, except the TS of HBO-BOH, which is  gtryctures with the 2A’  state collapsing to aZst

at the CCSIT)/TZ2P(f,d) level of theory(Ref. 14. (10220_2177430_1) linear *B—O-H state (having its un-
paired electron in a B-centered-2p hybrid orbita) and the
2A" state evolving into one component of th&ll

QCISD(T)/6-311+G(2df,2pd)level of theory, which is in (lo?2021730?) state of BOH, with the S * state being

excellent agreement with the begt initio data of Richards lower in energy(see Fig. 1

et all* (see Table)l

0.0 ey
HBO (‘=)

3. Relative stabilities
The 23 ™ state of linear"B=0-H was found to be the

B. The cations lowest among all the cationic states of BO&hd HOB'.
The?Il state of the BOH structure was found to lie 4.22 eV
1. HBO* above the?> " state and to have a geometry corresponding

. 1ot 21 2o 24 4 _ to a boron atom bound weakly I OH. Unfortunately,
Linear X" HBO has a b"20°30"1n" valence(ie.. e \ere not able to achieve convergence at the
neglecting the O 4° and B 1s“ electron$ electronic configu- QCISD(T)/6-311++G(2df,2pd) level of theory to permit

ration and orbital energy ordering with the120, and 3 e frequency calculations on tAE excited state of BOH,
valence orbitals describing the BO and BHbonding and 50 we are not able to discuss this state further.

the oxygen-localized nonbonding electrons, while are the
BO = bonding orbitals. This structure has Koopmans’ ion-
ization energies of IP(&)=14.15 eV and IP(3)=16.75
eV, with ther IP being lower because therdrbital consists Keeping in mind that lineatS " H-B=O is the global
of a 2s-2p hybrid on the oxygen while & has primarily = minimum on the HBG-BOH potential energy surface, al-
oxygen 2 character. One thus expects that tHé state though linea”S ™ *B=0-H is the global minimum on the
(10?20?3021 7%) would be the(vertically) lowest-energy HBO™—BOH"surface, one needs to determine the classical
HBO™ cation state with the> "' state (?20230'17*)  potential barrier on the cationic surface to make a judgment
being the first excited state. That is indeed what we found irabout what is likely be experimentally observed in mass-
our subsequent more accurate calculations. Zliestate of  spectrometric measuremertsee Fig. 1 If a vertical ioniza-
HBO™ was found to lie 13.23 e\Y13.20 eV after ZPE cor- tion process beings from the HBO isomer, then ionization
rection above thé'S, " ground electronic state of HBO, with will occur near 13.20 eV and legdertically) to the?II state
the?> " state lying 15.01 e\(14.97 eV after ZPE correction  of (linean HBO™. Subsequently, if the barrier t83*
above HBO (all at the QCISDT)/6-311++G(2df,2pd) (BOH™) is surmountable, the cationic system will rearrange
level of theory, see Fig. 1. to the lower energys " (BOH™).

As one expects, detachment of an electron from the As the linear’Il state of HBO bends it splits intGA’
bonding &r-MO of 13+ H-B=O0 alters the B-O bond length (with the hole in the 4’, nonbondings-MO of the cation
and B-O vibrational frequencysee Table . Indeed, the and?A” surfaces(with the hole in the &”, 7-MO of the
cation B-O bond length in th&l1 state is about 0.1 A longer cation. We therefore searched for the transition states con-
and its B-O stretching vibrational frequency is about 360necting to each of these symmetries. TAé symmetry tran-
cm ! lower than in the neutral. These data indicate thatsition state was found to be the lowest and to give the clas-
m-bonding in the’Il state of H-B=O" is indeed compro- sical barrier on the ?[I (HBO")—23"(BOH")
mised compared t6% " H-B=O0, which is why we denote intramolecular rearrangement. This barrier was found to be
this cation as H-B=O". 36.27 kcal/mol(33.81 kcal/mol after ZPE correctipabove

C. The HBO* to BOH * interconversion
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