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The Electronic Spectrum of AuO: A Combined Theoretical and Experimental Study
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The near-infrared electronic spectrum of Alultas been re-examined in light of the new microwave data on
the v = 0 andv = 1 vibrations of theX?[13, state of AuO. The two observed bands in the spectrum, with
red-degraded bandheads located at 10726 and 10665 have been reanalyzed. New theoretical work on
AuO clarifies the electronic structure, and the bands in the infrared are now assigned as the (0,1) and (1,2)

bands of thea®= 3, — XI13, transition, respectively.

Introduction

Gas-phase gold oxide, AuO, has been the subject of several

recent investigations. In December 2004, the near-infrared
spectrum of AuO and the photoelectron spectrum of Aw@re
reported by O'Brien et al.and Ichino et al? respectively. For
the near-infrared spectrum, the two observed bands in th

e
spectrum, with red-degraded bandheads located at 10726 an&f

10665 cn1l, were assigned as the (0,0) and (1,1) bands of a
[13,, — X3, transition, for ¢','"). In January 2005, Okaba-
yashi et aP reported the pure rotational spectrum of AuO in
the X213/, state forv = 0 and 1. From discrepancies in the

ground-state rotational constants between the near-infrared

analysis and the microwave analysis, it was clear that the
rotational assignments of the near-infrared spectrum were
incorrect. In light of the new microwave data, the near-infrared
spectrum has been reanalyzed. New theoretical work on the
electronic structure of AuO provides insight into the identity
of the observed spectrum.

Computational Details

Calculations of the potential curves for AuO were performed
using the complete active space self-consistent field (CASSCF)
method with dynamic correlation effects added using multi-
configurational perturbation theory (CASPTZ)Atomic natural
orbital basis sets (ANO-RCC) were used, which includes scalar
relativistic effects using the Douglaroll —Hess Hamiltoniarf.
Scalar relativistic effects are thus included at all levels of theory.
Spin—orbit coupling was added as a last step in the calculation

using a recently developed approach where the CASSCF wave

functions comprise the basis for a spiorbit ClI calculation
with energies shifted to include dynamic correlatfoFhe basis

sets used were: Au/8s6p5d3f2g and O/4s3p2dlf. The active ;
space comprised the oxygen 2p,3p and gold 5d,6s orbitals with WK ISTe
the corresponding electrons active. The oxygen 3p orbitals were
actually not needed and could have been left in the virtual space.

The G point group was used in order to ensure degeneracy
between components of states with= 0.

Calculations were performed on all states that dissociate to
ground-state atoms. They afE~, 2=, 4TI, and?II and give
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rise to nine levels with2 values 5/2, 3/2, 3/2, 3/2, 1/2, 1/2,
1/2, 1/2, and 1/2. A few more states were included in order to
ensure that no low-lying levels occurred near equilibrium, which
correspond to higher dissociation limits.

Potential curves were generated and spectroscopic constants
were obtained by a numerical solution to the rovibrational
chrainger equation (program VIBROT in MOLCAS). The
scillator strengths were computed by numerical integration of
the transition dipole moment functions over appropriate vibra-
tional wave functions for the ground and excited states. Basis
set superposition errors were accounted for using the full counter
poise method. The size of this error is a good measure of the
accuracy of the basis set used. The effect of the correction on
the 2ITa;» ground state is to lengthen the bond distance 0.007 A
and decrease the bond energy 0.07 eV, yielding results that
deviate somewhat more from experiment. We thus conclude
that a larger basis set would have given even more accurate
results than the ones we present below. All calculations have
been performed using the MOLCAS-6 quantum chemistry
software?

Theoretical Results

We present the theoretical results in Table 1 for the five
lowest levels. An overview of the potentials is presented in
Figure 1. The ground state of AuOXéI13. A single bond is
formed between the 6s orbital of Au and thes2mbital of O,
leaving the oxygen 2p orbitals with an electron hole. These
orbitals mix with the 5¢ orbitals of AuO, which is the reason
for the pronounced spinorbit splitting between the 3/2 and
1/2 levels of thex?IT state. The spirorbit splitting is computed
to be 1393 cm?, to be compared to an experimental value of
14404 80 cnt?, obtained from the photoelectron spectroscopy
measurement on AUC? The computed bond distance in our
= 1.861 A for theX?IT state, which can be compared
to an experimental value of = 1.849 A obtained from
microwave spectroscopgyA recent CCSD(T) calculation gave
re = 1.907 A3 The same result was obtained using internally
contracted MRCP.The improved results obtained here are most
likely due to a better description of relativistic effects and a
more accurate all-electron basis set. Longer bond distances are
obtained using density functional theory (see discussion in ref
3).
The second excited state, th& 1, has a computed, value
of 11344 cm. The next level is the other spirorbit component
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TABLE 1: Calculated Spectroscopic Parameters for the Lower Electronic States of AuO (Experimental Values within
Parentheses)

Mg My I g 2t
Re (A) 1.861 (1.849) 1.884 1.921 1.924 (1.907) 1.862
Do (eV) 2.17 (2.419 1.90 0.54 0.53 0.20
we (M) 624 (624.6+ 0.2 597(590+7 Oy 535 560 (512 2)d 624
Te(cm™?) 0.0 1393 (144Gt 80¥ 11344 11574 14399
Too (cm?) 11298 11533 (11335) 14407
Osc. str. 5.5¢ 1075 1.9x 1073
Tio(cm) 11811 12058 (1184Y)
Osc. str. 1.3< 10°° 0.9x 103
Tos(cmL) 10925 (10726)
Osc. str. 0.8x 1073
Tio(cm™?) 10853 (10665)
Osc. str. 0.9x 103

Tw values are given for tha “=~ — X 2[5, transition 2 Reference 2° Assuming a Morse oscillator, ref 2Photoelectron spectroscopy of
AuO~, ref 3.9 This work.
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Figure 1. The potential curves for AuO that dissociate to A4dS) plus O(B,3P).

TABLE 2: Calculated Vertical Excitation Energies (T,) and

of this state, namely, tha*="3, level. TheT, value is 11574 Dipole Moments (u) for the Lowest States of AUO

cm™1, with a vibrational frequencyw, = 560 cnTl The

oscillator strength for thea*~3, — X3, transition is state energy (cm) dipole moment (Debye)
significantly larger than for the*="y,, — X?ITa/,; transition (cf. ATy, 0 4.44

Table 1). On the basis of the term energies for the &0 jH}/z 1430 4.44
componentd? the spin-spin parameter for the®=" state is 42_3/2 ﬁggg 8-38
estimated to bé = 57.5 cn! where the splitting is given by 22*12 14401 5 45

44 = E(*= 732 — E(*Z 112). As will be discussed later, based 251 18125 0.39

on the bond length, term energy, calculated oscillator strength,  IIs, 18563

and observed branches for the transition, we have assigned the “TTs2 20531

upper state in the near-infrared electronic spectrum te4fes), RUET 21438

state.

The next state is the AS*,, state with aTe value of 14399 discharge using a gold-lined hollow cathode with a trace amount
cm1, well separated from the lower states. For states with of oxygen. The Fourier transform spectrometer associated with
higher excitation energies we have only computed the vertical the McMath-Pierce Solar telescope was configured with £aF
excitation levels, and these are presented in Table 2. To ourbeam splitter and liquid-nitrogen-cooled InSb detector, to record
knowledge they have not be studied experimentally. Calculated the 40006-12000-cn* region.
permanent electric dipole moments for the lowest five levels ) _
of AuO are given in Table 2. Results and Discussion

From discrepancies in the ground-state rotational constants
between the near-infrared analysisid the microwave analysis,

The method used to produce the AuO radicals and record it was clear that the rotational assignments of the near-infrared
the spectrum are reported previouklRriefly, the gas-phase  spectrum were incorrect. By use of the microwave constants
AuO molecules were produced in a neon-based electronic to calculate the energy levels of théllz, state and the method

Experimental Procedure
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TABLE 3: Molecular Parameters for AuO (in cm ~1)

T, B, D, x 10° g X 10°
XAz, v=10 0.0 0.331860359 0.38109 0.0
XAz v=1 614.568° 0.328788042° 0.38332P 0.0*°
XAz v=2 1189.03a° 0.325735(10) 0.3868(19) G0
AT 3 v=0 11335.0846(8) 0.31161425(73) 0.39492(13) —0.46913(34)
AT gpv=1 11847.8875(8) 0.308143(10) 0.4074(18) —0.46722(44)

aHeld fixed in fit. ® From ref 2.

of combination differences, it became clear that the 10726tcm The ground stateve and wexe values were calculated by
band involved emission to the = 1 ground electronic state. ~ Okabayashi et &.based on the Kratzer and Pekeris relation-
The 10665-cm! band did not connect with either the= 0 or ships!! These values were used to calculate theTE, and T

1 levels of the ground electronic state. levels for theX?I 13, state. For the experimental results reported

In the infrared spectrum, four branches were identified in each here, & was set to 0.0 cmt, and the zero point energy was
band, two P-branches and two R-branches. With a spacingsubtracted from Tand T.. The term energies based op ¥
between the two bandheads of 61 dimnthese transitions are 0.0 cnT* were used in our fits.
clearly not a vibrational progression but rather a vibrational A total of 462 lines were included in the fit, with an average
sequence. A vibrational sequence is also consistent with theresidual of the unblended lines of 0.004 tm which is
observed relative intensity of the two bands, where the 10726- consistent with the experimental uncertainty. Line positions,
cm 1 band is approximately 50% more intense than the 10665- assignments, and fit residuals are presented in the Supporting
cm 1 band. Previously assigned as the (0,0) and (1,1) bands oflnformation. The molecular parameters determined by the fit
a1z, — T, transitions, we now believe they are the (0,1) are given in Table 3.
and (1,2) bands of & = 3/2 — X[1, transition. By use of B and B from Okabayashi et &.and our B

The new vibrational assignments prompted us to take anothervalue for the g.round electronic state, the Dunham parameters
look at the spectrum in search of the (0,0) band for this &n be determined for the equation 8 B — ae(v + 1/2), Be
transition, which should be located near 11340-&mNo = 0.333391233 cmt (calculated 0.3287 crt) and ae =
molecular signal was observed in this region of the spectrum, 0003065477 cm'. By use of the equilibrium rotational
We believe this is due to the loss of sensitivity of the FT constant, the ground-state bond length can be determiged,
instrument in this region. Although we recorded and transformed 18488 A (calculated 1.861 A). _
the 4000-12000-cnT! region, the FT spectrometer equipped By use of B and B, for the excngd state, the excited-state
with a Cal; beam splitter and InSb detector loses sensitivity at Dunham parameters can be determined=®.31334988 cm
energies greater than 11000 chand thus the (0,0) band is (calculated as 0.3113, see discussion below)arrd 0.00347125

outside of the working range of the instrument in this config- €M *- The excited-state bond length is determined todre r
uration. 1.9070 A.

A standard Hund's case (€ = 3/2 polynomial expression On the basis of the electronic structure calculations, the

was used to represent the energy levels for the excited andexc!tGOIQ = 3/2 state was |dent_|f|ed as traé2—3,_2 state. This
ground states assignment for the upper state is consistent with the calculated

bond length,reexpt = 1.9070 A andrecac = 1.924 A, The
2 agreement between the calculated and observed transition

T=T,+BJU+1)-DFU+ 1+ energies is remarkable (see Table 1); ong00 cnt? differ-
0.5gJ(J+ 1)(3+ 0.5) (1) ence, which is less than 2% error of the transition energy. The

assignment of the spectrum as a Hund’s cas&(@a), — X213,
The upper/lower sign is used to designate the eff levels. For transition is also consistent with the observed branches in the
the 10726-cm® band that connects to the = 1 ground spectrum, namely, two P-branches and two R-branches and no

electronic state, the Band D, rotational constants from observed Q-branch. Although assignment of the upper state of

Okabayashi et @were held fixed in the fit, and their hyperfine ~ OUr transition to thea®>"y; state is possible, the spispin
parameters were not included. splitting in the*="y, state is expected to be very large and six

observed branches would be expecteBased on the change

parameter was determined for each state, and the e/f symmetr)}n dipole moment (see Table 2), th_e_ excitation toahe state
was assigned so that the ground-state lambda-doubling paramete'? clearly a charge-transfer transition with charge moving to
would be negative, consistent with the unique perturber model gold, as expected.

for the ground staté& However, in the microwave work, the
data fory = 0,1 included line positions fromd = 6.5 toJ =
19.5, and g was not required in the ft.When we refit the New theoretical work on AuO clarifies the electronic
near-infrared lines, using the ground-state rotational constantsstructure. Potential energy curves and spectroscopic parameters
from Okabayashi et &and g = 0, the fit was equally good,  are calculated for the first five electronic states of AuO. The
with improved precision on gof the excited state. Although  near-infrared electronic spectrum of AuO has been reanalyzed,
this analysis thus gives more precise constants, it is now and the 10726- and 10665-cfbands are now assigned as the
impossible to assign the e/f symmetry unambiguously. Clearly (0,1) and (1,2) bands of tha*= 3, — X2z transition,

the assigned £and R branches connect to the same excited- respectively.

state levels, and the assignedaRd R branches connect to the

other excited-state levels, but the absolute e/f assignments are Acknowledgment. L.C.O. acknowledges support for this
arbitrary. The e/f symmetry assignments presented here remairwork provided by the National Science Foundation (CHE-
unchanged from O’Brien et al. 0213363) and the Petroleum Research Fund (No. 43751-B6).

In the original analysis of O’Brien et al.a A doubling

Conclusions
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