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The equilibrium structures and physical properties of ¥&* linear electronic states, linear
excited singlet and triplet electronic states of hydroboron mondi@o) (Z& s B 1A,a3%", and

b 3A) and boron hydroxidéBOH) (A 'S*, B 111, andb 1), and their bent counterpartisBO @ 3A’,
b3A", A'A” B A" and BOHX 'A’, b 3A", G 3A", ATA’, B *A", C A") are investigated using excited
electronic stateab initio equation-of-motion coupled-cluste(EOM-CC) methods. A new
implementation of open-shell EOM-CC including iterative partial triple excitati@SM-CC3

was tested. Coupled-cluster wave functions with single and double excitd®SD), single,
double, and iterative partial triple excitatiofGC3), and single, double, and full triple excitations
(CCSDT) are employed with the correlation-consistent quadruple and quintuple zeta basis sets. The
linear HBOX 3" state is predicted to lie 48.3 kcal mbk2.09 eV} lower in energy than the BOH

X 13" linear stationary point at the CCSDT level of theory. The CCSDT BOH barrier to linearity is
predicted to lie 3.7 kcal mot (0.16 e\). With a harmonic zero-point vibrational energy correction,
the HBO X 'S*~BOH X A’ energy difference is 45.2 kcal mél(1.96 e\J. The lowest triplet
excited electronic state of HB@, A’, has a predicted excitation ener(¥,) of 115 kcal mot!
(4.97 eV) from the HBO ground state minimum, while the lowest-bound BOH excited electronic
state,b ®A’, has aT, of 70.2 kcal mot® (3.04 eV} with respect to BOHX A’. The T, values
predicted for the lowest singlet excited statesAfd’ — X 13*=139 kcal mot! (6.01 eV for HBO
andA A’ — X 1A’ =102 kcal mot! (4.42 eV for BOH. Also for BOH, the triplet vertical transition
energies are b3A’—X!A'=71.4 kcalmol* (3.10 eV} and T3A"— X *A’=87.2 kcal mot?
(3.78 e\j). © 2005 American Institute of PhysidDOI: 10.1063/1.1927078

I. INTRODUCTION strating an electron-deficient boron center. In 1977, Summers
and Tyrrelf® reported a Hartree—Fock study of isoelectronic
14-electron species, determining the equilibrium geometry of
Boron-containing compounds are candidates for fuefn€ar BOH to have alﬁhigher energy than that of linear HBO.
additive§® and solid propellants that can increase rocket moi" 1979 Zyubinaet al. were the first to analyze a potential-
tor efficiency”® HBO and its isomer boron hydroxid8OH) ~ €nergy surfacePES of the isomerization from HBO to
have long been targets of experimental and theoretical studdOH and noted some similarity to the PES for the isoelec-
ies. In the mid-1960s, HBO was first observed in the trimerictronic ~ linear HCN—HNC  isomerizatiort  Unlike
gas-phase form, boroxingH;B;03), as a product of HCN/HNC, when polarization functions were included in
high-energy*® and combustion reactiont$.Shortly thereaf-  the basis set, a local minimum for bent BOH was discovered
ter, Lory and Porter identified monomeric HBO in an argonat ~ BOH=125° lying 4.1 kcal mof lower in energy than
matrix and reported its vibrational frequenctés. that for linear BOH. As such, BOH is an unusual violator of
The first theoretical study on the HBO/BOH system wasthe Walsh—Mulliken qualitative molecular orbitd¥O) rules
performed by Thomson and Wish&rin 1974. It was con-  for 14-electron system$:2®
cluded from a Mulliken population analyéfsthat HBO has In 1986, the first gas-phase detection of monomeric
an unusual B-O bond order between two and three, demorMBO by Hirota’s group using the discharge modulation tech-
nigue renewed interest in the electronic structure of
¥Electronic mail: nate@ccqc.uga.edu HBO.?*~*®Infrared and microwave spectroscopy confirmed a

Hydroboron monoxidéHBO) is an intermediate or by-
product of many reactions involving boron compounds.
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linear HBO structure and provided gas-phase vibrational frethermic reaction pathway could occur. Although Gole and
guencies and rotational spectra. These experimental studidsichels have outlined explicit recipes for synthesizing and
were followed by theoretical papers analyzing linear andcharacterizing BOH! that research has not yet been experi-
bent ground states using correlated methods such as Mgllementally realized.
Plesset perturbation thed?$;?° coupled-clustef’ and qua- To our knowledge, there are no published reports detail-
dratic configuration interactioft >3 These studies predicted ing the isomerization PESs of the HBO and BOH singlet
the energy difference between the two isomers to be in &Xxcited electronic states. A more accurate theoretical predic-
range of 44—51 kcal mot and a HBO—BOH isomeriza- tion of excitation energies would validate the possibility of
tion reaction barrier-height range of 71-80 kcal Mol intensity borrowing between the BOB 'A’/3A’ states for

In 1995, Gole and Michef$ provided isomerization the proposed HEDM pathway. Our task in this research is to
PESs for the ground states and low#st states of HBO and examine some low-lying singlet and triplet excited states of
BOH using quadratic configuration interaction with single HBO and BOH using excited state coupled-cluster tech-
and double excitations and a perturbative triples correctiomiques.
[QCISD(T)]. They speculated that if crystalline BOH could
be created, it might be able to release considerable energy
upon controlled photochemical activation to excited elecdl. ELECTRONIC STRUCTURE CONSIDERATIONS
tronic states and subsequent radiative relaxation to ground
state HBO. At thez. BOH angle of 53.0°, near where the first
3A’ isomerization transition statéTS) is expected to be
found, the ground state BOH PES is still fairly shallow. If
this system is promoted from ground state BOH to a vibra-
tionally excited level of the firsPA’ state with a photon The symbol[core] pertains to the occupiedsdike oxygen
energy of~3.7 eV, BOH may be able to undergo facile cy- and boron orbitals. The ground electronic configuration of
clic interconversion. If BOH is in fact a possible high-energythe linear BOH molecule is expressed, noting that the 1
density materia(HEDM),**~®’ the hypothesis of Gole and orbital is lower in energy than thesSorbital,
Michels would be novel. 4 T It

The 1999 study by Boldyrev and Simdhgocused on [cord3a™40”1n'50%,  X75",BOH.
the HBO and BOH cations and reported not only that theFor the bent ground state of BOH, the occupieddbital of
X 1S* HBO— X 2IT HBO* adiabatic ionization energy of linear BOH splits into the & and &’ MOs™ The 5’ or-
13.2 eV is far higher than that of BO#.6 e\), but also that  bital is more stabilized than theal orbital, a result opposite
BOH"* had a linear ground sta(g( 25*) rather different from to the prediction from Walsh dlagrari'%The bent electronic

X 2T HBO*. These differences originate from the large en_conﬂguranon 's expressed as

ergy gap of the m-highest occupied molecular orbital [core|(3a’)%(4a’)?(5a’)%(1a")%(6a’)?,

(HOMO)/mr-lowest unoccupied molecular orbitdlUMO) of ) . . .

HBO versus the small-HOMO/c-LUMO energy gap of For I.|near HBO.and BOH, the mamfold of singly exmtedl
electronic states arises from the following types of electronic

BOH. ok
A recent(2004 theoretical study conducted by Peay excitation:

The electronic configuration ok 'S* HBO is qualita-
tively described as

[corg30240250217* X 3*,HBO.

XA

al.®® recognized the need to use multireference methods t¢a)
appropriately ascertain the wave functions of HBO/BOH
excited electronic states. Energy points on the isomerization
PESs were obtained for the first two HBO/BOH triplet
states using second-order multireference Brillouin—Wigner
perturbation theory (MRBWPT2) and the correlation- (b)
consistent polarized valence triple zéta-pVT2) basis sets.
Penget al. reported a ground-state isomer energy difference
(54.4 kcal mot?) that was 4 kcal mot higher than those of
previous coupled-cluster studids.

Though the singlet-triplet excitations investigated in(c)
Refs. 31 and 38 are of a spin-forbidden nature, if enough
intensity borrowing is available from nearby singlet excited
states, the singlet-triplet electronic transition would possess
an appreciable oscillator strenﬁ?hand the mechanism pro- (d)
posed by Gole and Michels could be possible. While a
singlet-singlet BOH electronic transition would have a large
oscillator strength, its lifetime would be orders of magnitude
shorter than that of a singlet-triplet transition. In this situa-
tion, the BOH molecule would likely fluoresce back to its
ground state before isomerization towards a strongly exo-

Promotion of a % electron to one of the antibonding
21 orbitals. Six excited electronic states can be derived
from this single excitation,

[core36?46?55 172, A7, 15" %A, %57 35,

Promotion of a o electron to one of the antibonding
2 orbitals. Two excited electronic states can be de-
rived from this excitation,

[corel3c%40%501a*2m, MI1,°I1.

Promotion of a & electron to the 6 antibonding MO,
whereupon there are two excited electronic states,

[corel36%40%50%1 %60, 1,°I1.

Promotion of a o electron to the 6 MO, with the
following two excited electronic states:

[cord3c?40%501n'60, 3%,°3*.

Thus, there are thirteen unique linear electronic states
relevant to this study, including the ground electronic
state.
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The electronic configuration for th®A state from Ir TABLE |I. Valgnce molecular orpita(MO) orderir\g of HBO an_d B_OH in '
.2 excitation in real MO notation requires four Slater C,, and Cg p0|_nt group symmetries. Not(ﬂT that in-plane bending is consid-
determinants Irc, point-group symmetry notation. where ered to occur in thgz plane. MO energy increases downwards.

. v 1
the linear molecu!e is in Fhe Carte.smraxs, itsA; and A, HBO C,, HBO C, BOH C,, BOH C,
components are, In the S|mplest picture,

30 3a’ 30 3a’
[core]30?4050? X [(1mya(1))(2my3(2)) 117 4o aar 40 aa
> 50 5a’ 1m, 1a"
~ (1mB(1)(2mxa(2)) 1, 1w, (HOMO)  1a (HOMO) im, 5a’
- (17Tya(1))(277yﬂ(2))177>2< 1m, (HOMO) 6a’ (HOMO) 50 (HOMO) 6a’ (HOMO)
2m (LUMO)  2a’ (LUMO) 60 (LUMO)  7a’ (LUMO)
+(1myB(1)(2mya(2) 1], ACA), 2m, (LUMO)  7a’ (LUMO) 2m, 2a"
60 8a’ 2m, 8a’

and
[corgl30?40?50 X [(1mya(1))(2m,B(2) 17,
- (1mB(1)(2mye(2)) Ly
+ (Lmya(1))(2mB(2)) L7
- (1mB(1)(2ma(2)1mZ], ACA,).

[cor€|30%40%17* X [(5oa(1))(2mB(2))
- (50B(1))(2ma(2)], TI('By),
and its triplet3B1 counterpart is

corgl30?40?17*(50a(1))(2ma(2)), *1(’B,).
The 3~ excited state requires four Slater determinants for a [cord ™ (Soa(1))(2ma(2)) (By)
proper description and is written in terms of real orbitals as  Arising frométhe Ir—60 single excitation, the'B,
5 component of the'll electronic state wave function can be
[core]30?40°50” X [(1ma(1))(2m,B(2)) 1y described as

- (1mB(1)(2mya(2)) Ly - (Lmya(1)) [corel30?40250 X [(1ma(1))(60(2) L7
X(2mB2)1m, - AmBL)(60a(2)1m2], 'TI(By,
+ (17Ty/3(1))(277><“(2))177>2<]* 37CA). with the corresponding tripletB, wave function,

The open-shell'S* wave function derived from the A [core]302402502(17rxa(1))1w§(60a(2)), 31-[(351)_

— 217 excitation is qualitatively described as
Finally, the wave functions of the two excited states owing to

[corel30?4050% X [(1ma(1))(2m3(2)) 17y the 55— 60 single excitation are written as
- (1mB(1) (2mya(2) 17, [cord3o?40?17* X [(5oa(1))(65B(2))
+ (Lmya(1)(2m,B(2)) 11 ~ (508(1))(60a(2)], *(*A)
- (1m,B()2ma(2) 1], 'E7(A. and
The two degenerate components of fhestate are written as [core3c?45*17*(50a(1))(60a(2)), 32*(3A1).
[corel30?40?50% X [(1mya(1))(2mya(2)) 17, When the HBO and BOH linear isomers are bent, differ-
maa e on srese 1 ek Shcc st tess caar e
and try. Translation of theC.,,/C,, MOs of HBO and BOH into

2 Cs symmetry is shown in Table | and the wave functions of
[coref30*40750” X [(17Txa(1))(277ya(2))177y possible bent singly excited electronic states are listed in
+ (1mya(1)(2ma(2)17s], PACA). Supplementary Table S1.

The %3~ wave function is
[core]30?40°50° X [(17TXa(1))(27Tya(2))17T§

Ill. THEORETICAL METHODS

o ae For single-reference methods, the zeroth-order descrip-
= (1mya(1))(2ma(2))1m ], “E(CAy). tion of X 13* HBO andX '3* BOH was obtained using re-
stricted Hartree—FockRHF) wave functions. The zeroth-

Lastly, the3>" wave function from r—2x single excita- o ]
order descriptions of triplet states for coupled-cluster

tions is
) references were obtained with unrestricted ®FHF) wave
[core]30?40°50% X [(1mya(1))(2ma(2))1m, functions. Ground state dynamical correlation was accounted
+ (Lmya(D) 2mya(2)1m), S CAY. for using coupled-cluster methdd$>with single and double

excitations(CCSD),** single, double, and perturbative partial
From the &— 27 single excitation, théB, component of triple excitations{CCSD(T)],** single, double, and itera-
the following 'II electronic state wave function can be de-tive partial triple excitation§CC3,*" and full triple excita-
scribed as tions (CCSDT).*3*° For the excited electronic states, we
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have made use of the equation-of-motion CCSDbly, and we prefer levels of theory with the core electrons
(EOM—CCSD‘F’C"51 method as well as the CC3 model, which frozen for the study of excited electronic states.
includes connected triple excitations. Although CC3 excita- The CCSDT dipole moment of linear HBO has a mag-
tion energies are usually viewed from a linear-responsaitude of 2.70 D, with directioffHBO™. The large dipole
perspectivé? we will use the EOM designation for both moment implies a highly polar molecule. The harmonic
CCSD and CC3 excited states for the sake of simplicity. w;(0) BH stretching frequencies obtained using the
The correlation-consistent polarized valence quadrupl€€CSOT), CC3, and CCSDT methods are 2899, 2885, and
zeta (cc-pVQ2 basis sets developed by Dunning and co-2890 cmi?, respectively. In the analysis performed by
workers were used in this stud$>* Unless otherwise noted, Kawashimaet al,?® the observed fundamentak(s) and
in all correlated procedures the corg-like orbitals of oxy-  v3(o) frequencies were used as harmonic frequencies in or-
gen and boron were frozen. Closed-shell and excited singleter to estimate the harmonig; (o) BH stretching frequency,
state CC/EOM-CC computations were carried out usingvhich may explain their rather loww(c) value of
Aces 1.°° The open-shell triplet CC3, EOM-CCSD, and 2821 cm*. Using the all-electron CCSD) anharmonic cor-
EOM-CC3 methods were employed in conjunction with therection, the fundamentaly(o) frequency is shifted to
PSI 3.2package'5.6 The open-shell implementation of the CC3 2810 cm?, in fair agreement with the more reasonable esti-
and EOM-CC3 methods incorporatedrsl 3.2were recently mated value of 2849+ 10 crhgiven by Lory and Portéf in
described in Ref. 56. their IR matrix-isolation experiments. The CC8D funda-
Structural optimizations and vibrational analyses weremental v,(7) bending frequency of 759 crhand thevs(o)
carried out at each level of theory using finite differences ofBO stretching frequency of 1831 ¢f(computed with all
energies. FoX 13* HBO andX A’ BOH, fundamental vi- electrons correlated, as noted abpwee correct to within
brational frequencies were also determined at the Q@D 5 cmi of the respective gas-phase fundamental frequencies.
level of theory(with all electrons correlated due to program However, the inclusion of anharmonicity is seen to raise the
requirements using second-order vibrational perturbation »(7) bending frequency, a highly unusual effect.
theory with cubic and semidiagonal quartic force constants ~ Relative to the full CCSDT result, the triples contribu-
computed via finite differences of analytic second derivativesion of the CC3 method to th¥ 'S* HBO andX '3* BOH
using the method described by Stantral®’ total energies are overestimated by kcal mort. However,
Explicitly for linear HBO, the stationary points of the CC3 geometries compare very favorably with the experimen-
following electronic states were investigated: the'>*  tal and full CCSDT bond lengths, particularly in light of the
ground state, thé S state, thé?A, component oB A, the ~ COmputational savings offeréd.

a°s" state, and théA, component ob 3A, which all arise
from the lr— 27 excitation. For BOH, the electronic states B. Linear ground state of BOH

H v 1 =3 et
included were thex X" groynq state, tha~23+ andA 12+ Table Il shows energetic and geometric data for linear
states from the &— 60 excitation, and thé °IT and B 11 X1S* BOH. The CCSDT geometry ofX 'S* BOH is

states from the &— 27 excitation. Tables | and S1 describe r{(B0)=1.2791 A andr(OH)=0.9493 A. The BO distance

the wave fun_ctlons_ for_ the bent counterparts_of electronlcOtf X Is* BOH is longer than that ok 's* HBO because of
states under investigation, and the state ordering of the ber{!1 lessening ofr overlan. and hence a weakening of the mul-
states will be discussed below. The minima of the highest- 9 P, 9

lying HBO and BOH excited states characterized are 5.8 ant plg bond character. This rather long BO bond IS also an
SRR i . ) ndicator of the preference towards a bent BOH minimum.
3.2 eV below the ionization potentleéﬁ,respectwely. Itis not

. 21 .
likely that Rydberg excited states exist within these mani- "€ CCSDT dipole moment o 3" BOH is larger than

folds of electronic states. that of X 13" HBO and of the opposite sigiBOH*, with a
magnitude of 3.69 D. The Ohb4(o) stretching frequency
IV. RESULTS AND DISCUSSION from the CC3 and CCSDT methods is 4009 and 40181cm
. respectively, and the BO stretching frequengyo) is 1464
A. Linear ground state of HBO and 1473 cmt, respectively. Due to the elongated BO bond

The total energies, equilibrium geometries, and physicalength, thew;(o) frequency ofX 3* BOH is lower by ap-
properties of the linear singlet ground electronic states oproximately 360 cm* than the BO stretch of HBO. The

HBO and BOl'l are reported in Table Il. The equi"brium bending frequency 0}( 12"' BOH is imaginary, S|gn|fy|ng a
bond lengths oK '3* HBO have been experimentally deter- bent equilibrium geometry for BOH. The imaginary CC3 and
mined by gas-phase microwave spectroscopy ta ddB) CCSDTw,(1r) harmonic frequencies are 48&nd 487 cm™™.
=1.1667+0.0004 A and r,(BO)=1.2007+0.0001 &>2° The overestimation of the triple excitation contribution
Coupled-cluster methods including triple excitatid®C3, to the total energy using the CC3 method is largely canceled
CCSOT), and CCSDT reproduce the equilibrium geometry. when considering relative energies. With all electrons corre-
The CCSIT) ry(BO) of 1.2019 A is only 0.0012 A longer lated, the CCSIY) energy separation between the linear
than the derived gas phasg¢BO). With the boron and oxy- ground states is predicted to be 49.2 kcaltholThere is
gen I electrons correlated, the CCED geometries may little effect due to core correlation on the harmonic zero-
represent a Pauling point for this electronic state. Howeverpoint vibrational energ(ZPVE), and the ZPVE-corrected
the frozen-core CC3 and CCSDT methods perform admiraenergy difference between the HBO and BOH linear ground
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TABLE Il. Total energies and physical properties for the linear HBO and BOH ground electronic §Eatesgies are in hartrees, bond distances in angstrom,
dipole moments in debye, and harmonic vibrational frequencies it.cm

Level of theory Energy r,(H-B) r.(B-0) e (o) () (o)
X3 HBO
cc-pVQZ RHE -100.212875 1.1643 1.1788 3.210 2994 863 2009
cc-pVQZ CCSD -100.567370 1.1680 1.1983 2.799 2905 778 1882
cc-pVQZ CC3 ~100.585344 1.1692 1.2075 2885 753 1810
ce-pVQZ CCSDT -100.583483 1.1690 1.2048 2.703 2890 759 1838
b ©=2899 w=749 w=1847
cc-pVQZ CCSD(T) -100.641033 1.1663 1.2019 2.690 { o310 Vo750 Ve 1831
6-311+ +G(2df, 2pd)° 1.169 1.208 2894 780 1825
cc-pVTZ MR-BWPT2? 1.1590 1.2093
TZ2P(f,d) CCSD(T)° 1.1694 1.2064 2,692 2888 766 1831
Experiment’ 1.1667 1.2007 28218 v=754 v=1826
Experimenth v=2849
Energy r(B-0) r(O-H) B w(o) () w3(0)
X'3*BOH
cc-pVQZ RHF -100.143860 1.2598 0.9319 3.872 4301 529i 1572
cc-pVQZ CCSD -100.492240 12751 0.9462 3.687 4070 497i 1493
cc-pVQZ CC3 —100.507434 1.2804 0.9498 4009 485i 1464
cc-pVQZ CCSDT —100.506530 1.2791 0.9493 3.687 4018 487i 1473
cc-pVQZ CCSD(T) -100.562678 1.2748 0.9480 3.723 4027 472i 1486
6-311+ +G(2df, 2pd)° 1.309 0.9630
cc-pVTZ MR-BWPT2* 1.2680 0.9493
TZ2P(f,d) CCSD(T)* 1.2814 0.9508 3.660

*The directions of the dipole moments are *“HBO~ and "BOH?, respectively.

"The second set of CCSD(T) vibrational frequencies are fundamental frequencies computed via finite differences of analytic second derivatives. Due to
program requirements in the analytic gradient code, all electrons were correlated when obtaining CCSD(T) data.

“Reference 32.

“Reference 38.

‘Reference 30.

'Reference 24 and 26.

From Ref. 26, v,(mr) and v;(o) are observed fundamental frequencies, while the w,(o) is an estimated harmonic frequency.

"Reference 12 is an Ar-matrix isolation experiment, and the fundamental frequency is estimated to have error bars of 10 cm™.

states is predicted to be 48.9 kcal Molwith CC3 and amplitude motion of the hydrogen nucleus around the BO
48.3 kcal mot! with CCSDT. The extension of the basis set bond. Indeed, the anharmonic corrections to the vibrational
to correlation-consistent polarized valence quintuple zetdrequencies shift the values of the O—H stretching and BOH-
(cc-pV52) (at the CC3 cc-pvVQZ geometrieincreases the angle bending significantly, as the all-electron CCBHD
separation by just 0.1 kcal mal We are confident that the |eye| of theory predicts the fundamental(a’) to be
true energy difference between the linear isomers is neagg7g el vy(a’) to be 1399 crit, and the bendings(a’)
48-49 kcal mol™ to be 563 cmt. The CCSIT) w,(a’) and v5(a’) fundamen-

tal vibrational frequencies obtained in our study are larger
C. Bent BOH ground state than the MP2 fundamental vibrational frequencies of Ha and
MakarewicZ® by 37 and 57 ciit, respectively. Hopefully
tpe rovibrational parameters fit by Ha and Makarewicz
%nd our improved fundamental vibrational frequencies will
assist in the spectroscopic identification of the BOH ground
state.

The bent X 'A” BOH equilibrium geometry of the
ground state in Table Ill has been discussed in a number
theoretical paper&31#4°The CCSDT bond lengths for the
bent BOHX A’ state increasecompared to the linear struc-
ture) due to destabilization of ther bonding. The CCSDT ~ 1., .
r«(BO) prediction is 1.3051 Ar(OH) is 0.9617 A, and the At t_he CCSDT level 9f theory, thi “A BO_H m|n|mum
BOH angle is 121.4°. Harmonic vibrational frequencies ard$ Predicted to be lower in energy than the linear stationary
similar to the BOH linear structure and the stretching fre-POint by 3.7 kcal mot'. With the harmonic ZPVE correction,
quencies are predicted to bg(a’)=3855 cnit andw,(a’)  the energy difference between the'S* HBO and X *A’
=1402 cm?, while the ws(@’) BOH angle bend is predicted BOH ground states is 45.2 kcal malThe CCSDT and CC3
to be 619 crit. The theoretical rovibrational study of methods are again in good agreement for the geometry and
HBO/BOH performed by Ha and Makarewf¢zin 1999 energetics, whereas the differences in quantities between
sampled the PES of thé 1A’ BOH state and presented evi- CCSDT and CCSD shown in Table Il are somewhat larger.
dence that the harmonic approximation will fail due to largelt seems evident that the CC3 method is more reliable than
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TABLE lIl. Total energies and geometric parameters of b’ BOH. (Energies are in hartrees, bond distances in angstrom, harmonic vibrational
frequencies in cnt, and energy differences in kcal ma)

BOH X 14’ Energy r.(B-0) r{O-H) £ZBOH w(a’) w,(a’) ws(a’) AE?

cc-pVQZ RHF —100.150111 1.2854 0.9436 123.51 4127 1501 683 -3.92

cc-pVQZ CCSD —-100.498312 1.3018 0.9587 121.42 3901 1417 636 -3.81

cc-pVQZ CC3 —100.513218 1.3061 0.9621 121.45 3849 1396 615 -3.63

cc-pVQZ CCSDT —100.512394 1.3051 0.9617 121.36 3855 1402 619 -3.68
b w=3864 w=1418 w=613

cc-pVQZ CCSD(T) —100.568182 1.3003 0.9601 121.84 { »=3679 1399 v=563

TZ2P[f,d] CCSD(T)® 1.3068 0.9635 121.45 3852 1397 607 -3.51

6-311++G(2df.2pd) QCISD(T)d 1.309 0.963 1211 3870 1393 616

cc-pVTZ MR-BWPT2® 1.2946 0.9597 123.96 -0.99

aug-cc-pVTZ MP2f 1.298 0.962 1242 v=3680 1436 v=506 -3.0

*Energy differences are relative to the optimized linear structure of X 'S* BOH.

"The second set of CCSD(T) vibrational frequencies are fundamental frequencies computed via finite differences of analytic second derivatives. Due to
program requirements in the analytic gradient code, all electrons were correlated when obtaining CCSD(T) data.

“Reference 30.

“Reference 32.

“Reference 38.

"Reference 29.

CCsD for the HBO/BOH system, and it is expected thatrelative to the ground state. At the EOM-CC3 level, the
such accuracy can be translated to the EOM-CC3 predictiorig 's~ B-O bond distance is predicted to be 1.4219 A, and
for the excited electronic states. that of the B A stater,(BO) to be 1.4276 A, implying a

weak BO bond for both states. Higher in energy, BitA
state has the weaker and slightly longer BO bond. Since
The total energies and physical properties of the lineaelectrons involved in ther— 7" excitation of these two
excited states are presented in Table IV. The two loweststates are localized on the boron and oxygen atoms, the
lying linear singlet excited states of HBO are thé>~ and EOM-CC3 HB bond distances of the first two singlet excited

BIA states, formed from #— 27 excitation. As the two States remain within 0.003 A of th¥ 'S* HBO value of
states possess the same dominant electronic configuratiog(HB). Compared to the EOM-CC3 bond length, the EOM-
with different configuration state functions, their relative en-CCSD method provides a reasonabl¢HB) for the HBO
ergies and geometries are similar. For both states, the 1singlet excited states, but underestimatg80) by nearly

— 27 excitation greatly increases the B—O bond distanced.03 A.

D. Linear HBO singlet excited states

TABLE IV. Total energies and physical properties for linear HBO excited electronic sf&asrgies are in hartrees, bond distances in angstrom, dipole
moments in debye, harmonic vibrational frequencies in'cand transition energies in kcal mbleV, in parenthesgselative to theX 'S* HBO minimum]

Level of theory Energy r{(H-B) r{(B-0) Me w4(0) wy(1) ws3(0) AE

HBO A1y~

cc-pVQZ EOM-CCSD -100.302082 1.1623 1.3945 0.842 2916 i938 1222 166.57.22
cc-pVQZ EOM-CC3 -100.326390 1.1655 1.4219 2882 i974 1095 162.57.05
HBO B!A

cc-pVQZ EOM-CCSD -100.298394 1.1625 1.3976 0.941 2915 i909 1210 168.87.32
cc-pVQZ EOM-CC3 -100.323321 1.1657 1.4276 2880 i954 1072 164.47.13
HBOA%Y*

cc-pvVQZ EOM-CCSD -100.342747 1.1642 1.3767 0.468 2888 i 900 1300 141.06.11)
cc-pVQZ EOM-CC3 -100.360915 1.1674 1.3937 2857 i907 1208 140.86.11)
6-311+Qd,p) QCISD* 1.1682 1.3945 145(6.29°
cc-pVTZ MRBWPTZ 1.1495 1.3885 144(8.25
HBO b 3A

cc-pVQZ EOM-CCSD -100.319317 1.1624 1.3841 0.671 2913 i974 1267 155.76.75
cc-pvVQZ EOM-CC3 -100.340569 1.1658 1.4055 2877 i993 1160 153.66.66)
cc-pVTZ MR-BWPTZ 1.1564 1.4046 155(8.73

*Reference 31.
PRelative energies from Ref. 31 are obtained with 6—311d;6) QCISI(T) single points at the 6—311+@,p) QCISD optimized geometry.
‘Reference 38.
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TABLE V. Total energies and physical properties for linear BOH excited electronic sf&mergies are in
hartrees, bond distances in angstrom, dipole moments in debye, harmonic vibrational frequenciés amam
energy differences in kcal mdl (eV).] Note that théd 3* BOH excited electronic state dissociates to a BO
X 23* radical plus &S H atom, and is not presented in the Table.

Level of theory Energy r(B-0) rfO-H ud (o) )7 wyo) AEP

BOHAS*

cc-pvVQZ EOM-CCSD  -100.301881  1.1896 1.4151 1.465 2360 523820 123.35.3H

cc-pvVQZ EOM-CC3 -100.337488 1.2002 1.4451 2684 14801802 110.34.79

BOH B 1

cc-pVQZ EOM-CCSD  -100.257256  1.2893 0.9419 2.787 4143 1324484 151.36.56
(647)°

cc-pvVQZ EOM-CC3 -100.274430 1.2948 0.9453 4089 14431459 149.86.50
(640)

BOH b 3I1

cc-pvQZ CCSD -100.356655 1.3098 0.9388 2.077 4195 1121451 88.9(3.8H
(528)

cc-pvQZ CC3 -100.369583 1.3142 0.9417 4149 11221430 90.13.91)
(523)

6-311+Qd,p) QCISD’ 13214  0.9454 90.13.91°

cc-pvTzZ MRBWPT2 1.3009/ 0.9428/ 76.7(3.33/

1.3079 0.9369 73.3(3.18

*The dipole direction of thé 'S* state is'BOH", whereas the dipole direction of ti&'TT andb II states is
"BOH".

bEnergy differences are relative to the optimiz?é&IA’ BOH structure.

‘Due to the Renner—Teller splitting, tle¢ anda” components of the,(7) harmonic vibrational frequency are
nondegenerate. The& component is listed in parentheses.

“YReference 31.

‘Relative energies from Ref. 31 are obtained with 6-311¢,@) QCISD(T) single points at the 6-311
+G(d,p) QCISD optimized geometry.

'Reference 38.

The EOM-CCSD dipole moment of tha S state is some dissociated excited electronic states. AH&* BOH
0.84 D, while the dipole moment of ti&'A state is 0.94 D.  state comes from thessnonbonding B atom lone pair being
Charge localization on the boron atomompared to the excited to the 6 weakly OH antibonding MO, which tight-

X 3* ground statereduces the magnitude of te!S~ and  ens the BO bondindr,(B0O)=1.2002 A and creates a

B A dipole moments by a factor of three but retains thee@ker OH bond[re(OH)=1.4451 A. The EOM-CCSD

*HBO" dipole direction. As the HB bond distance for these method performs less well for this excited state, with geom-
two states is in a range similar to the ground state, the EOMetries differing from EOM-CC3 by 0.01-0.03 A. The highly
CC3 HB stretching(w;) frequency has a similar value; ionic A'S* excited state contains significant contribution
2882 cnil for the A 13" state and 2880 cm for the B 1A from both single and doubled5— 60 substitutions to the
state. Inclusion of triple excitations with the EOM-CC3 wave reference wave function, and EOM-CCSD fails to ad-
function reduces the value afy(o) by more than 100 cit  equately describe this multireference character.

compared to the EOM-CCSD method, witlws(o) The dipole moment of thé\ 'S* state of BOH is pre-
=1095 cm? for A3~ and 1072 cm! for B*A. This trend  dicted to be 1.47 D at the EOM-CCSD level of theory. Un-
generally continues among the investigated linear triplet eXike other BOH excited states, the'S* BOH state has a
cited states of_l-_|BO, as the triple excitz_itions are cru_cial indipole moment direction ofBOH". Single and double &
properly describing the weak B@ bonding. Both excited g, oycitations appear to shift enough charge density to
%hange the direction of the dipole moment. The EOM-CC3
method yields an imaginary bending,(7) frequency of
480 cnm L, which implies a bent equilibrium geometry.

The B 1 state of BOH mainly involves single excita-
E. Linear BOH singlet excited states tions from the reference coupled-cluster wave function, and
|_‘hus EOM-CCSD and EOM-CC3 geometries agree more

. Energl_es, geometries, and phys!cal properties O.f BO closely. The geometry and two harmonic vibrational stretch-
linear excited states are presented in Table V. Preliminary

computations of higher-lyindA and'S~ BOH states, along "9 freque~ncies of th& 11 state are very similar to those of
with conclusions from the study of the BOHKation®?imply ~ the BOH X 'S* ground state. While still large, the EOM-
that the BOH7— 7" excitation is unfavorable and leads to CCSD dipole moment of 2.79 D is smaller in magnitude

and 954 cmi %, indicating respective bent equilibrium geom-
etries.
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than that of the BOHX 13" ground state. Thed—2m ex-  of BOH connect to the same linear BOBII state. The
citation shifts the charge density from the nonbondinglinear3Bll3B2 components of thisIT state should give iden-
B-atom lone pair to ther-antibonding MOs centered on the tical total energies and geometries when the BOH bond angle
boron and oxygen atoms. Therefore, the negative charge ré constrained to 180°. We suspect that the use of two differ-
mains localized on the B and O atoms, and the dipole direcent active spaces to describe EA’ andT3A” electronic

tion is the same as that for the!S* state, namelyBOH*.  states by Penget al. leads to a qualitatively incorrect
The harmonic bending vibrational frequencies for this statd®ES near BOH linearity, providing nondegenerate total ener-
show a case(d) Renner—Teller splitting® The a’ mode  gies.

wp() has an imaginary frequency of 1448n* and th(laa’,’ The dipole moment of thé 3I1 state has the same sign
mode has an imaginary frequency of 648" Both the'A” a5 the BOH ground state with a value of 2.08 D. Harmonic

and 'A” components resulting from the line&'Il state vibrational frequencies for the BOB®IT state are similar to

should have nonlinear equilibrium geometries with #€ e of the BOKB UT state. Bending frequencies are both
stationary point being lower in energy. imaginary and again show clagd) Renner—Teller splitting,

with the a’ w,(7) component having the larger imaginary
F. Linear HBO triplet excited states frequency. The CC3 frequencies @k w,(m)=1122 cm™*

Geometric parameters of the two HBO linear triplet ex-and &' w,(m)=523 cm™%. The two bent electronic states
cited states are shown in Table IV. Since % 27 excitation ~ Should be minima, with théA” stationary point being lower
enhances BO antibonding and extendd80) by approxi-  in energy than théA” state, akin to the BOIB 11 electronic
mately 0.2 A, the geometries of the two linear triplet HBO state.
excited states resemble their singlet counterparts with the It has been shown that spin contamination affects the
same electron configuration. The dipole moments of thesguality of open-shell UHF coupled-cluster wave functins
two states point in the same direction as the correspondingnd that the situation can be exacerbated when investigating
HBO singlet states, but with smaller magnitudes. Bi&*  open-shell excited staté%.Szalay and Gauss surveyed a
and b3A harmonic vibrational stretching frequencies arenNumber of systems and found that “well-behaved” reference
similar, both with respect to each other and to the isoconfigu¢Oupled-cluster wave functions led to nearly uncontaminated
rational linearA '3~ andB A states of HBO. At the EOM- (S values for excited statéd.However, to our knowledge
CC3 level of theory, both linear triplet states have imaginaryth€ expected lessening of spin contamination with UHF

w,() harmonic frequencies. TH&S* w,(w) bending fre- EOM-CC3 (vis-a-vis UHF EOM-CCSD has not yet been
examined. In this investigation, almost all EOM-CCS3 triplet

excited state wave functions are computed using the closed-
shell ground state as a “false-UHF” reference. Therefore the
triplet states characterized with this method are exactly spin-
adapted and should present no spin contamination. The ex-

~ ceptions to this are thb 31 BOH electronic state and the
Since the BOHA '3* electronic state arising from the corresponding berit 3A’ and@ 3A” BOH excited states. For

o— o excitation is lower lying than th&® I state, it is  these excited states, our referen&® values for the UHF
expected that the triplet state arising from tle—o  HBO/BOH linear and bent triplet states are never greater
HOMO-LUMO excitation will be the lowest-lying excited than 2.01, close to the optim&(S+1) value of 2.00. There-

electronic state of BOH. This excited electronic state doesgre, spin contamination does not appear to be a concern in
exist; however, it dissociates at all levels of theory to thethis study.

same asymptotéBO X 23" radicaf®®* +2S H atom) as the
BOH ground state. Its bent counterpart, 8éA’ BOH elec-
tronic state, also dissociates to the BGS" radical #S H
atom. Contrary to the proposed state ordering of Gole andtl. Bent HBO excited states

. 31 . . . . .
Michels,™ a consideration of this unbouridissociative ex- Optimized geometries and harmonic vibrational frequen-

cited electronic state allows us to label the first bound, "neaEies for the four bent HBO excited electronic sta@SA’
triplet excited state of BOH ab 311, arising from the & B3A” ALA” andB 1A') are reported in Table VI. The geom-

— 2m excitation. o _etries of the investigated singlet and triplet HBO bent excited
Geometries, dipole moments, and vibrational harmoniGiateg are similar, since they arise from the bending of iso-
frequencies for thé °II state are presented in Table V. This configurational excited electronic states. The EOM-CC3
electronic state is well described by a single-reference (HB) of all four states ranges from 1.202—1.217 A, which
coupled-cluster wave function, and higher accuracy is exrepresents a slight elongation from the associated linear
pected with the CC3 method compared to previous studiestates. Thé A’ state is predicted to have the shortest BO
Much like the BT state, theb ®II state qualitatively re- bond,r,=1.356 A, which is also the case for the correspond-
sembles the BOH ground state with a slightly extendedng HBO@ 33" linear structure. Akin to the linear singlet and
re«(BO) of 1.3142 A and am,(OH) of 0.9417 A. Contrary to  triplet excited electronic state structures, the EOM-CC3
the discussion of Pengt al,*® the first two bent triplet states r.(BO) values for the bent excited states are 0.012—0.030 A

quency is 907cm! and the b3A value of wo(m) IS
993 cm?, indicating bent equilibrium geometries for both
states.

G. Linear BOH triplet excited states
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TABLE VI. Total energies and physical properties of bent HBO excited electronic sf&eergies are in
hartrees, bond distances in angstrom, bond angles in degrees, harmonic vibrational frequenciésandm

relative energies in kcal mdi (eV, in parentheseselative to the lineaX 3" HBO ground statg.

Energy r{(H-B) r{(B-—0) ZHBO w(a') wy(a') ws(@’) AE

HBO AlA”

cc-pVQZ EOM-CCSD  -100.336308 1.1999  1.3864 125.33 2555 991 1274 (6420
cc-pVQZ EOM-CC3  -100.364432 1.2043 1.4160 123.15 1B30A)

HBO B 1A’

cc-pVQZ EOM-CCSD  -100.314316 1.1993  1.3818 130.92 2541 840 1290 (6388
cc-pVQZ EOM-CC3  -100.344300 1.2063 1.4111 126.75 15158

HBO & 3A

cc-pVQZ EOM-CCSD  -100.383485 1.2110  1.3439 109.82 2439 754 1352 (G1BM
cc-pVQZ EOM-CC3  -100.402666 1.2171 1.3556 108.79 1(499)

6-311+GQd,p) QCISD* 12129 1.3609 110.94 2457 769 1306 118.94°
cc-pVTZ MRBWPTZ 12124 1.3475 109.1 114480

HBO b 3"

cc-pvVQZ EOM-CCSD  -100.350892 1.1977 1.3838 124.83 2580 982 1273 (5388
cc-pVQZ EOM-CC3  -100.375607 1.2019  1.4100 122.94 1B174)

cc-pVTZ MRBWPTZ 11797 1.3914 120.1 125946

“Reference 31.

PRelative energies from Ref. 31 were obtained with the 6-31(0dt @ QCISI(T)//QCISD 6-311+Gd, p) level
of theory.

‘Reference 38.

longer than those obtained with EOM-CCSD. With a tighterwell, justifying the benefits of the EOM-CC3 method. An
BO bond and a weaker HB bond, tie’A’ state has the analysis of the MOs and the similarities between the BOH

sma'lbl\ﬁsterBO pf 195.8:. » s for thE A A's* andA'A’ bond distances provide a convincing argu-
armonic _vibrational frequencies for the A, ment that theA A’ state is derived from th&A’ resolution

b3A”, AA”, and B'A’ excited states are real, validating ~ las ) ~
these bent structures as minima, and most harmonic vibrao-]c theA ' state, rather than thie\ component of thés 11

state.

tional frequencies resemble the values of their linear coun= _ _ -
terparts. As th@ A state is higher in energy and possesses _AS Notéd, upon bending of either the BQB1I state or

a smaller imaginaryw,() frequency than the '3~ state, theb °II state, Renner—Teller splitting necessarily forms non-

the HBOA A" state is formed from th&A” resolution of the Gegenerate electronic states. Since dhém) a’ component

AlS- state and the A’ state from the!A’ component of of the BOHB ™1 state~ has a larger imaginary frgquency than

the B 1A state. Th&i A’ state arises from th’ resolution €@’ component, th& *A’ state connected to 11 state

of the@3S* state, and thd 3A” state from theé’A” compo-  lies energetically between the behtA’ state and th€ A"

nent of theb 3A state. state. The bond lengths and harmonic vibrational frequencies
of all investigated BOH bent excited electronic states gener-
ally resemble their linear counterparts. TheéA', T3A,

|. Bent BOH excited states AA’, BIA', and C A" excited electronic states of BOH
The equilibrium geometries and harmonic vibrationaleach have three real harmonic vibrational frequencies, and
frequencies for the characterized bent BOH excited electhus each is a genuine minimum.
tronic stategb 3A’, € 3A”, A'A’, BA’, andC A") are pre- Figure 1 schematically depicts adiabatic transition ener-
sented in Table VII. Thé *A’ state has different geometric gies relative to the linear HBX 'S* ground state, and all
parameters from the other characterized BOH excited statei)vestigated excited electronic states show bent minima and
with an EOM-CC3r4BO0) of 1.243 A and amr(OH) of  a likely isomerization transition statéo BOH) at a ~BOH
1.571 A, suggesting a very loose OH bond. The inclusion obf 40°-80°. The same qualitative “double-well” phenomenon
partial triple excitations into the EOM-CC wave function as that of Gole and Michelsand of Penget al*® is observed
affects the geometry and relative energy of the B’ for the PES of the two lowest-lying triplet states. The elec-
state, more so than other excited electronic states of HB®onic structure of the system changes dramatically in the
and BOH. As will be discussed below, the ground state BOHegion of the isomerization transition states, from preferen-
total energy rises sharply upag(OH) elongation, and it is tial HBO w— 7 character to BOHr— 7 or ¢— o char-
expected that at thé A’ optimized geometry the ground acter. As a consequence, the excited state isomerization PESs
state wave function contains multireference character asould connect different linear electronic states.
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TABLE VII. Total energies and physical properties of bent BOH excited electronic sf&estgies are in hartrees, bond distance in angstrom, bond angles

in degrees, harmonic vibrational frequencies imgrand adiabatic transition energies in kcal M@kV, in parentheseselative to the berX A’ BOH ground
state] Note that théa A’ excited state dissociates to a BG'S" radical plus &S H atom and is not presented in the table.

Energy r{(B-0) r{(O-H) /BOH wy(a) wy(a') wz(a’) AE
BOH AlA’
cc-pVQZ EOM-CCSD -100.316612 1.2278 1.5311 115.18 2156 558 1498 (a11p
cc-pvVQZ EOM-CC3 -100.350887 1.2425 1.5712 114.69 10149
BOH B 1A’
cc-pVQZ EOM-CCSD -100.293121 1.3455 0.9690 113.71 3475 989 1308 (5788
cc-pvVQZ EOM-CC3 -100.310081 1.3490 0.9766 114.16 15T
BOH C A"
cc-pVQZ EOM-CCSD -100.271645 1.3739 0.9616 112.01 3866 825 1155 (B4R
cc-pvVQZ EOM-CC3 -100.288666 1.3811 0.9657 111.45 14019)
BOH b 3A’
cc-pvVQZ CCSD -100.388092 1.3402 0.9603 113.98 3792 1081 1363 (36302
cc-pvQZ CC3 -100.401354 1.3457 0.9641 113.55 3730 1064 1338 (37042
6-311+Qd,p) QCISD* 1.3506 0.9640 112.49 3794 1094 1328 62.89
cc-pVTZ MR-BWPTZ 1.3409 0.9641 113.05 58252
BOH E A"
cc-pvVQZ CCSD -100.364030 1.3585 0.9530 120.10 3982 699 1298 (38858
cc-pvQZ CC3 -100.376887 1.3633 0.9563 119.76 3935 686 1278 (BB
cc-pVTZ MR-BWPTZ 1.3406 0.9514 125.38 703105

*Reference 31.
PRelative energies from Ref. 31 were obtained with the 6-314ds® QCISD(T) // QCISD 6-311+&d, p) level of theory.
‘Reference 38.

546
J. Adiabatic and vertical transition energies ’@;ﬂ
of excited states 8oy e BT
. . i . . . Car
The adiabatic transition energies of the stationary pointsf 71 490
are displayed in the last column of Tables 1lI-VII and picto- Bl 148 . &
rially in Fig. 1. For HBO, the energetic EOM-CCR, order- B = e ’f’? B'A o
ing for minima found in this research is in kcal myl i /(g-gg) R - E 68)
B B'A : W
~ _ ~ B . Ggfl\ I AN
0(X 13) < 115@ 3A’) < 132(b °A”) < 139A A" & T i
3 . 571 K b o ,.-:’T.—
- RN Y YL 567 e
<151B'A), TS e
L
) . A 500 %
and the BOH energetic ranking is 690 (488) ,——
aa b’A'/
o(X *A") < 70(b °A") < 86(8 *A") < 102A 'A) ?
-, ~ 1 TN 1% i
<128B"A’) < 141(C “A"). S (_2)%
/,’ PN
As expected, the smaller and highly geometry-dependen
HOMO-LUMO gap of X A’ BOH brings about a denser
cluster of BOH excited electronic states. Our adiabatic ener o 7
. . ~a, Xy
gies are in excellent agreement for those of i\’ elec-
. . . . H-B-O0 H H B-O-H
tronic state investigated by Gole and Mich&lsHowever, “B-0 B0

while %UI’ HBOT, Valu_es agree Wlth _those of the Peeial. FIG. 1. Schematic of the HBO and BOH ground and excited electronic state
StUdyag our BOH adiabatic transition energies are oftentransition energiesin eV). Adiabatic transition energies at the cc-pVQZ
13-15 kcal mot* larger. We suspect that their use of differ- cca/EoM-CC3 level of theory are reported relative to the GCZ* HBO

ent active spaces for thtd’ and 3A” states may create an minimum. Isomeric CCSDT ground-state energies are reported in italics
artificial lowering of the3A” PES total energy. It is also relative to the CCSDX '3 HBO global minimum. In parentheses, CCSD/
possible that the MR-BWPT2 method does not recoveEOM-CCSD adiabatic energies are reported relative to the cgsp*

: : : _ S - HBO minimum. As indicated by the question marks, the positions of the
enough dynamical correlation in the near-equilibrium r(_}glontransition states are less well known, but sketched here from the work of

of the BOHX A’ ground state. Refs. 31 and 38.
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curve forr(OH) stretching, both conical intersectiéfis™
and avoided crossings occur. Along this stretching coordi-
nate, there will beA *A’/C A" and B 'A’/C A" conical in-
tersections, as well as @A’ /B A’ avoided crossing. The
mapping of PESs and such conical intersections may lend
well to theoretical elaboration, but is outside the scope of this
investigation.

Gole and Michels infer that for excitation intensity bor-
rowing to be possible, the energy difference between the first

excited singlet and lowest triplet BOH states at éA’
BOH equilibrium geometry should be similar to the isoelec-
tronic A 'T1/a °IT boron monofluoride vertical excitation en-
ergy difference of 2.73 e¥ The computed CC3/EOM-CC3

vertical energy difference between théA’ — X *A’'/B A’

—X A" electronic transitions is 2.78 eV. Our agreement
with previous theoretical work and empirical observation
sustains the possibility of singlet-triplet excited state inten-
sity borrowing.

To function as a HEDM material, electronic excitation to
a vibrationally excited triplet BOH state will be necessary to
allow possible isomerization via the TS barriers in Fig. 1.

level of theory of singlet BOH excited statéis eV) at (a) the equilibrium
geometry of theX 1A’ BOH ground electronic state arfl) the equilibrium
geometry of theA 1A’ BOH excited electronic state. The arrow connecting
the two columns shows the difference of A’ ground-state energyp) at

its equilibrium geometry an¢b) at theA 1A/ equilibrium geometry with an
elongated OH bond.

The CC3 b3A’—X'A' adiabatic T, for BOH is

3.04 eV, in agreement with the theoretical prediction of

2.99 eV by Gole and Michef¥, while the CC3 BOHE 3A”

« XA’ adiabatic excitation energy is 3.71 eV. The vertical

b3’ X IA” transition energy is 3.10 eV with the CC3
method, and th& 3A” — X 'A’ vertical excitation energy is

m— o excitation and unbound BOH electronic states from
the m— 7 or m— 7 excitations may lie near the excitation
energy of the highly vibrationally excited low-lying triplet
states. Quanta absorbed into BOH stretching modes may
break apart the molecule if the bebfA’ andG3A” PESs
approach dissociative pathways.

V. CONCLUSIONS

TheX 'S* HBO ground-state global minimum, the'A’

BOH ground state, and the lineXr'S* BOH transition state
have been studied usirap initio methods with the cc-pvVQZ

3.81 eV, which is much larger than the prediction of pasis sets. Stationary points for the H@dy,"élA,aiiy,

~3.05 eV by Pengt al®

Because of the large geometric elongation of the OI—E 3

bond length at the BOW A’ excited state minimunicom-
pared to that of theX !A’” BOH ground state the singlet

andb A excited states as well as the BGHS*, B 111, and
excited states and their bent counterparts have been
characterized with a new implementation of excited state
coupled-cluster theoryCC3. The harmonic vibrational fre-

vertical excitation energies require careful analysis and arguency analyses of the linear and bent excited states indicate
represented pictorially in Fig. 2. In the PES region of thethat all excited electronic states characterized here have bent
A A’ geometric equilibriumiwith the OH bond significantly ~minima.
elongateg] the ground state is much higher in energy, with This study provides the first consistent set of predictions
an EOM-CCSD X 'A’/AA’ excitation energy of only for the singlet excited electronic states of HBO and BOH.
1.90 eV. Note that the ground-state energy required for suclihe energy ordering of the bound minima aye'S*
anr(OH) elongation is approximately 3.06 eV. Figure 2 in- <3 3a’ <b 3A” <A A" <B 1A’ for HBO and X A’ <b 3A/
dicates that the BOH ground state, BBéA’ state, and the <% 3a"<A A <B 1A’ <C A" for BOH. Thed A’ HBO
C'A" state all travel significantly “uphill” along the andb3A’ BOH states are both-115 kcal mot? (5.0 eV)
stretched OH bond coordinate. higher in energy thaX 'S* HBO. The lowest excited singlet
The BOHX 1~/-\’1 equilibri~ur;n geometry resembles the ge- states areA'A” for HBO, with a predicted T, of
ometries of theB A~’ and C A" excited electron|c~states 139 keal mot? (6.01 eV} and A A’ for BOH, with a T,
more than that of thé *A’ electronic state. Hence, the'A’  value of 148 kcal mof (6.40 e\). The HBO7— 7 excita-
state has a lower EOM-CCSD vertical excitation energtion from the ground electronic state causes a lengthening of
(5.64 e\) than theA A’ state(7.12 e\}. Due to the large the BO bond and a lessening of the dipole moment magni-
shift in relative state energies along the potential-energyude, while the BOHo— ¢ excitation severely lengthens
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dipole moment. On the other hand, the B@H- 7" excita-
tion slightly elongates the BO bond and decreases the dipol
moment.
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