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The near-infrared electronic spectrum of AuO has been recorded in emission using the Fourier transform
spectrometer associated with the National Solar Observatory at Kitt Peak, AZ. The gas-phase AuO molecules
were produced in a neon-based electric discharge using a gold-lined hollow cathode with a trace amount of
oxygen. Two bands observed in the spectrum, with red-degraded bandheads located at 10665 and 10726
cmt, are assigned as the (1,1) and (0,0) bands ofitheto X?I1z, transition, respectively. Results of the
analysis are presented. This work and the accompanyingpapéhe photoelectron spectrum of AuO and

AuO~ represent the first spectral observations of gas-phase AuO.

Introduction Results and Discussion

In our laboratory, we have studied electronic transitions of ~ Two red-degraded bands were observed in the spectrum with
the coinage metal oxides (Céd@nd AgG+¥), a sulfide (Cu$), bandheads located at 10 665 and 10 726'cifhe 10 726 cm?!
and a selenide (Cu8eThe comparison of gold to other coinage  band is approximately 50% more intense than the 10 665 cm
metal oxides reveals trends in bonding for the group 11 metalsband. Two R-type branches and two P-type branches were
and illustrates the strong relativistic effects in gold. observed in each band. To determine line positions, the identified
Gas phase gold oxide, AuO, has not been observed previouslylines were fit to a Voigt profile using the prograGREMLIN
by any spectroscopic method, and little else is known or wntten_by James Braullt (formerly of National Sola.r Observa-
predicted about gold oxide. Griffiths and Barrbeecorded the  tory—Kitt Peak). A portion of the’Au*®0 spectrum is shown
UVvisible spectrum of AuO in rare gas matrixes and observed In Figure 1. Lack of any observable structure due to isotopomers

an electronic transition at approximately 25 000¢énHecq et
al® determined the AwO bond energy to be about 3 eV by

helps confirm the assignment of these transitions to AuO since
197Au is 100% abundant. The line width of an isolated,

feger et aP used nonrelativistic and relativistic HartreEock
and configuration interaction calculations to predict a number

linewdith is primarily Doppler-limited. The line width does not
appear to be dependent.

of spectroscopic properties, such as bond lengths, dissociation Predictions of ground-state symmetry and molecular param-

energies, force constants, and dipole moments foxk#hkeand
AZY states of AuO. Using the BSPW91/LANL-2DZ and -E
levels of theory, Seminario et #l.calculated the bond length
for AuO to be 1.925 A.

This work and the accompanying papegpresent the first
spectral observations of gas-phase AuO.

Materials and Methods

The near-infrared spectrum of AuO has been recorded in
emission using the Fourier transform spectrometer associate
with the McMath-Pierce National Solar Observatory at Kitt

Peak, AZ. The gas phase AuO molecules were produced in &
neon-based electric discharge using a gold-lined hollow cathode
and a trace amount of oxygen. The neon partial pressure was
2.8 Torr, and the oxygen pressure was approximately 20 mTorr.

The discharge operated at 430 mA with an applied potential of
430 V. The FT spectrometer was configured with a Qagam
splitter, GaAs filter, and liquid-nitrogen cooled InSb detectors,
to record in the 350012 000 cnt? region. The resolution was
set at 0.020 cmt, and the total integration time was 150 min.
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eters were important to the assignment of the spectrum.
Schwerdtfeger et &lpredicted the ground-state symmetry of
AuO to beX?T;. To obtain a rough estimate of the ground-
state spir-orbit splitting, we performed a Fenskeélall type
calculatiod! for AuO using ther. value of 1.9 A from
Schwerdtfeger et &.and Seminario et @& A modified
molecular orbital (MO) energy level diagram of the valence
orbitals determined from our calculation is shown in Figure 2,
where the position along the-axis indicates the % oxygen
character. As shown in the MO diagram, the ground-state

dvalence electron configuration is predicted to be2Bx*40%-

1602978, arising primarily from the atomic configuration
AuT[5d190[2po?2pni]. Although the FenskeHall type cal-
culation is not quantitative, the MO diagram gives a reasonable
epresentation of the ground state electronic structure. Clearly,
the spin-orbit splitting will arise from the electron hole in a
97 orbital. From our calculation, the 9 orbital has ap-
proximately 80% oxygen 2p character and 20% gold 3d
character. Using the atomic spiorbit splittings!? we estimated
the ground-state spirorbit splitting to beAso = —1000 cn1?.
Our low-level calculation supports the ab initio and experimen-
tal work given in the companion papkmnvhere they found
Aso(expt) = —14404 80 cnTl.

On the basis of our previous work on the isovalent molecules
CuO, CuS, CuSe, and Agb’ we anticipated &= to X,
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Figure 1. Portion of the AuO spectrum showing the (0,0) band of Ehg to X?IIs/, transition.
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Figure 2. Modified molecular orbital energy level diagram for AuO, where the position of the orbital along-dhes indicates the % oxygen
character.

transition in the near-infrared. This transition occurs by excita- tions or subbands of“[1 to 21 transitions. Since the ground
tion of a 167 electron to the & orbital, resulting in the low- state symmetry is most certaink?ITz,, we favored the latter
lying A 2=t state? 6 However, having observed only two assignment. Indeed, both bands could be fiflds; to 213,
P-branches and two R-branches for each band, this was clearlytransitions, from which we conclude that the 10 726 and 10
not the case. The two strongest branches in each band of thes65 cn! bands are the (0,0) and (1,1) bands, respectively, of
23+ to X2I1; spectra are both Q-branches, but no Q-branchesa new [10.7]I1z, to X2[1g, transition, where the value in
were observed in our spectrum. Additionally, our estimated brackets identifies the term value of the excited state in units
spin—orbit splitting in the X2IT state Aso= —1000 cn1?) of 1000 cnt?. A search for lowd Q lines proved unsuccessful,
eliminated the possibility that the observed bands wer&Zhe as this region is obscured by strong R lines returning from the
to XI5, andZ=+ to X?I1y, transitions since the spacing between bandhead.

the observed bandheads was only 61 trRossible assignments The spin multiplicity of the excited state cannot be determined
consistent with the observed branches w&eto =" transi- from the analysis; thus, a multiplicity is not given. Ichino et
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TABLE 1: Line Positions, Assignments, and Residuals for the (0,0) Band of the [10.1)3/> to X?II3;; Transition of AuO (in

cm?)
J' PeQ") o—c Pf(J") o—c Re@") o—c Rf(J") o—c
11.5 10711.905 0.005 10711.905 0.001
125 10710.881 0.000 10710.881 —0.006
135 10709.835 0.007 10709.835  —0.001
145 10708.749 0.008 10708.749 —0.002
155 10707.631 0.012 10707.631 —0.001
16.5 10706.472 0.009 10706.472 —0.006
17.5 10705.279 0.007 10705.299 0.008
18.5 10704.057 0.010 10704.071 0.001 10726.401 0.008
19.5 10702.786 —0.002 10702.818 0.004 10726.311 0.005
20.5 10701.493 —0.001 10701.516 —0.009 10726.189 0.005
215 10700.169 0.004 10700.201 —0.001 10726.028 0.000 10726.094 0.002
225 10698.800 —0.002 10698.852 0.007 10725.837 0.001 10725.903 —0.006
235 10697.398 —0.006 10697.457 0.003 10725.610 0.000 10725.690 —0.002
245 10695.972 0.000 10696.026  —0.003 10725.348 0.000 10725.442 0.002
255 10694.509 0.003 10694.570 0.000 10725.051 —0.001 10725.148 —0.006
26.5 10693.002 —0.003 10693.081 0.004 10724.722 0.002 10724.836 0.002
275 10691.472 0.003 10691.552 0.001 10724.355 0.002 10724.478 —0.001
28.5 10689.904 0.005 10689.990  —0.001 10723.957 0.006 10724.086  —0.004
29.5 10688.297 0.003 10688.400 0.004 10723.516 0.002 10723.672 0.005
30.5 10686.655 0.000 10686.772 0.004 10723.034 —0.007 10723.206 —0.003
315 10684.981 0.000 10685.107 0.000 10722.535 0.002 10722.712 —0.005
325 10683.268 —0.004 10683.410 —0.001 10721.988 —0.002 10722.188 —0.003
335 10681.526 —0.003 10681.680 —0.002 10721.418 0.006 10721.627  —0.003
34.5 10679.749 —0.002 10679.921 0.002 10720.801 0.003 10721.033 —0.002
35.5 10677.942 0.004 10678.119 —0.003 10720.143 —0.006 10720.406 0.000
36.5 10676.091 0.000 10676.289 —0.003 10719.467 0.003 10719.742 0.000
375 10674.213 0.004 10674.428 0.000 10718.744 0.000 10719.041 —0.003
38.5 10672.293 0.000 10672.526  —0.004 10717.989 0.000 10718.309  —0.002
39.5 10670.341 0.000 10670.597 —0.001 10717.198 0.000 10717.547 0.003
40.5 10668.356 0.001 10668.631 —0.002 10716.371 0.000 10716.743 0.000
415 10666.333 —0.002 10666.637 0.002 10715.508  —0.001 10715.906 —0.002
42.5 10664.283 0.004 10664.606 0.004 10714.610 —0.001 10715.033 —0.005
43.5 10662.187 —0.002 10662.530 —0.006 10713.673 —0.004 10714.130 —0.003
44.5 10660.065 0.001 10660.428  —0.009 10712.707 —0.001 10713.189 —0.005
45.5 10657.897 —0.007 10658.308 0.005 10711.705 0.002 10712.222 0.001
46.5 10655.710 0.001 10656.141 0.004 10710.666 0.004 10711.207 —0.006
47.5 10653.483 0.003 10653.929 —0.007 10709.580 —0.005 10710.171 0.000
48.5 10651.214 —0.002 10651.699 —0.003 10708.470 —0.003 10709.094 —0.001
49.5 10648.918 0.002 10649.430  —0.005 10707.328 0.004 10707.984 0.000
50.5 10646.588 0.006 10647.119 —0.015 10706.137 —0.003 10706.837 —0.001
51.5 10644.209 —0.004 10644.806 0.006 10704.921 0.001 10705.655 —0.003
52.5 10641.809 0.000 10642.433 0.001 10703.667 0.004 10704.443 —0.001
53.5 10639.375 0.005 10640.028  —0.002 10702.373 0.002 10703.194  —0.001
54.5 10636.899 0.003 10637.590  —0.005 10701.044 0.001 10701.910 —0.001
55.5 10634.389 0.001 10635.124  —0.002 10699.682 0.004 10700.592  —0.001
56.5 10631.847 0.003 10632.624 0.000 10698.280 0.003 10699.245 0.005
57.5 10629.267 0.002 10630.082 —0.007 10696.839 —0.001 10697.856 0.003
58.5 10626.646 —0.005 10627.516 —0.004 10695.365 —0.002 10696.431 —0.001
59.5 10624.003 0.001 10624.924 0.006 10693.868 0.010 10694.975 —0.001
60.5 10621.312 —0.006 10622.284 0.002 10692.313 0.001 10693.489 0.004
61.5 10618.599 0.000 10619.618 0.005 10690.733 0.003 10691.968 0.009
62.5 10615.847 0.003 10616.906  —0.004 10689.116 0.005 10690.398  —0.001
63.5 10613.054 —0.001 10614.181 0.007 10687.456 0.000 10688.807 0.002
64.5 10610.231 0.001 10611.411 0.007 10685.764 —0.001 10687.175 —0.001
65.5 10607.376 0.005 10608.601 0.000 10684.041 0.005 10685.517 0.005
66.5 10604.480 0.004 10605.771 0.006 10682.275 0.003 10683.814 0.001
67.5 10601.544 —0.001 10602.894 —0.001 10680.473 0.002 10682.081 0.001
68.5 10598.583 0.003 10599.983  —0.009 10678.634 0.001 10680.310  —0.002
69.5 10595.578 —0.001 10597.054 —0.001 10676.752 —0.006 10678.508 —0.002
70.5 10592.547 0.004 10594.081 —0.004 10674.845 —0.002 10676.673 0.001
71.5 10589.471 0.000 10591.078  —0.004 10672.897 —0.002 10674.801 0.001
725 10586.364 —0.001 10588.049 0.004 10670.910 —0.004 10672.897 0.003
735 10583.213 —0.009 10584.980 0.005 10668.885  —0.007 10670.952 0.000
74.5 10580.041 —0.004 10581.873 0.001 10668.969  —0.007

al. have used high level ab initio calculations to predict excited- becomes allowed through doublet-quartet mixing by the-spin

state term energies. They have found the filt to X211
transition to be around 3 eV for AuO and the fif$f to X2I1
transition to be near 2.1 eV. TR&I to X1 transition energy
predicted by Ichino et diwell matches the UV-vis absorption
attributed to AuO in rare gas matrixes by Griffiths and Barrow.
Our transition could be thélls, to X2[1s, transition, which

will be revealed.

orbit interaction. Perhaps as more work on AuO is recorded
and analyzed, a clearer picture of the general electronic structure

Since only one spinorbit component of eachl state was
observed, the standard>2 2 Hamiltonian for a Hund’s case
()41 state could not be used. A simple polynomial expression
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TABLE 2: Line Positions, Assignments, and Residuals for the (1,1) Band of the [10.1)3> to X?II3;, Transition of AuO

(in cm™1)

J' Pf(J") o—c Pe(") o—c Rf(J") o—c Re@") o—c

8.5 10653.110 —0.001 10653.109 —0.001

9.5 10652.196 0.000 10652.212 0.018
10.5 10651.246 —0.001 10651.259 0.016
115 10650.272 0.010 10650.272 0.014
125 10649.253 0.011 10649.253 0.017
135 10648.195 0.007 10648.195 0.015
145 10647.098 0.000 10647.088 0.000
155 10645.977 0.003 10645.968 0.007
16.5 10644.812 —0.002 10644.798 —0.001
175 10643.614 —0.006 10643.593 —0.009
18.5 10642.386 —0.005 10642.368 —0.001
195 10641.121 —0.006 10641.096 —0.004 10664.355 0.000
20.5 10639.822 —0.006 10639.797 0.000 10664.218 0.003 10664.161 0.003
215 10638.500 0.005 10638.460 0.002 10664.035 —0.005 10663.978 0.002
225 10637.134 0.008 10637.081 —0.003 10663.829 —0.001 10663.760 0.003
235 10635.722 —0.001 10635.673 —0.001 10663.577 —0.007 10663.509 0.006
245 10634.288 0.003 10634.229 0.000 10663.302 —0.002 10663.211 —0.001
255 10632.815 0.003 10632.749 0.001 10662.993 0.005 10662.879 —0.007
26.5 10631.307 0.002 10631.232 —0.001 10662.634 —0.003 10662.524 0.001
275 10629.770 0.008 10629.680  —0.001 10662.250 0.000 10662.124  —0.001
28.5 10628.191 0.006 10628.096 0.002 10661.826 —0.003 10661.689 —0.001
29.5 10626.576 0.002 10626.475 0.003 10661.368 —0.004 10661.214 —0.005
30.5 10624.926 —0.001 10624.820 0.006 10660.876 ~ —0.004 10660.716 0.004
315 10623.244 —0.002 10623.122 0.001 10660.350  —0.002 10660.166 —0.003
325 10621.527 —0.003 10621.389 —0.003 10659.789 —0.001 10659.594 0.004
335 10619.781 0.002 10619.621 —0.006 10659.194 0.002 10658.976 0.002
345 10617.993 —0.001 10617.827 0.000 10658.553  —0.005 10658.312 —0.010
35.5 10616.176 0.002 10615.993 0.001 10657.897 0.007 10657.637 0.003
36.5 10614.322 0.002 10614.119 —0.001 10657.179 —0.007 10656.905 —0.004
375 10612.428 —0.002 10612.216 0.003 10656.447 0.001 10656.149 0.002
38.5 10610.505 —0.001 10610.267 —0.004 10655.668 —0.003 10655.351 0.001
39.5 10608.548 0.000 10608.293 0.000 10654.856 —0.005 10654.519 0.004
40.5 10606.545 —0.010 10606.273 —0.006 10654.009 —0.007 10653.644 0.000
415 10604.530 0.003 10604.227 —0.002 10653.122 —0.013 10652.738 0.001
42.5 10602.467 0.003 10602.141 —0.002 10652.212 —0.006 10651.788 —0.004
435 10600.364 —0.003 10600.021 —0.001 10651.262 —0.004 10650.810 —0.001
44.5 10598.222 —0.013 10597.858 —0.007 10650.278 —0.001 10649.788 —0.006
45.5 10596.061 —0.008 10595.672 0.000 10649.259 0.003 10648.737 —0.002
46.5 10593.872 0.004 10593.440  —0.003 10648.195 —0.002 10647.645 —0.003
47.5 10591.631 —0.001 10591.179 0.001 10647.119 0.016 10646.524 0.005
48.5 10589.359 —0.003 10588.873 —0.005 10645.974 0.000 10645.356 0.002
49.5 10587.053 —0.004 10586.541 0.000 10644.807  —0.002 10644.154 0.003
50.5 10584.723 0.006 10584.169 0.001 10643.605 —0.003 10642.918 0.006
51.5 10582.338 —0.005 10581.760 0.000 10642.378 0.006 10641.636 0.001
52.5 10579.930 —0.004 10579.319 0.004 10641.103 0.003 10640.322 0.000
53.5 10577.485 —0.005 10576.831 —0.004 10639.799 0.007 10638.971 0.000
54.5 10575.005 —0.007 10574.320 0.002 10638.443  —0.005 10637.582 —0.001
55.5 10572.506 0.007 10571.768 0.003 10637.081 0.012 10636.154 —0.003
56.5 10569.954 0.002 10569.175  —0.001 10635.653 —0.002 10634.689 —0.005
57.5 10567.367 —0.003 10566.554 0.003 10634.214 0.010 10633.190 —0.004
58.5 10564.757 0.004 10563.888  —0.001 10632.720 0.002 10631.656 0.000
59.5 10562.106 0.004 10561.192 0.001 10631.190 -—0.006 10630.088 0.007
60.5 10559.412 —0.004 10558.463 0.006 10629.642 0.004 10628.468 0.000
61.5 10556.700 0.005 10555.687 0.000 10628.045 0.001 10626.824 0.006
62.5 10553.942 0.002 10552.877 —0.003 10626.421 0.007 10625.132 0.003
63.5 10551.149 —0.001 10550.039 0.002 10624.743  —0.005 10623.404 0.000
64.5 10623.049 0.002 10621.641 0.001
65.5 10621.309 0.000 10619.833 —0.005
66.5 10619.538 0.003 10617.993 —0.006
67.5 10617.727 0.001 10616.124 0.003
68.5 10615.884 0.004
69.5 10613.996 —0.002
70.5 10612.076 —0.004

for the 2IT3, energy levels was used in the nonlinear least-

of the unblended lines 0£0.004 cnt?, which is consistent with

squares fit where the upper/lower sign is used for the e/f level: the experimental uncertainty. Line positions, assignments, and
fit residuals are presented in Tables 1 and 2. The molecular
parameters determined by the fit are given in Table 3.

T=T,+BJJ+1)—DJJ+ 1)+

0.59,J(J + 1)@ + 0.5) (1)

The molecular parameters are consistent with the assignment

of the two observed bands as a short vibrational sequence. As
A total of 458 lines included in the fit gave an average residual expected, the rotational constants of the= 1 levels,B; and
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TABLE 3: Molecular Parameters for the X2IIz, and [10.7] I3, States of AuO (in cnr1)2

Tv Bv DV X 105 Qov X 1@
[10.7]TTz20 = 1 AGy2 + 10659.4694(10) 0.2905442(88) 0.4275(15) —0.9451(82)
[10.7] a0 =0 10721.1415(8) 0.2944496(63) 0.41145(84) —0.9358(55)
Xzpv=1 AGa, ~ 590(70¥ 0.3081398(91) 0.4068(16) —0.4771(83)
Xz v =0 0.0 0.3116286(63) 0.39998(84) —0.4658(55)

aValues in parentheses represent &rror.? From ref 1.

By, are slightly smaller than the rotational constants ofdhe  difference in band origins between the two bands is determined
= 0 levels,By andBy, due to the slight increase in bond length  from the analysis to be 62 crh This difference represents the
based on an anharmonic oscillator potential. Additionally, the change in vibrational interval between the [LO ), state and
assignment of the spectrum to the (0,0) and (1,1) bands isthe X1z, state. Ichino et al.determined the vibrational interval
consistent with the observed relative intensity of the two bands, of the X1/, state to beAGy,= 590 & 70 cnT?, and this is
where the 10 726 cm band is approximately 50% more intense also a reasonable estimate for the vibrational interval of the
than the 10 665 crt band. It is clear that the 10 665 cin X213, state. Thus, the vibrational interval for the [10I7},
band is a hot band of the 10 726 chband. It should be noted,  state is estimated to &Gy, = 528 + 70 cnTL.

however, that the absolute vibrational assignment is not defini- The bond lengths in the ground states of CuO, AgO, and
tive from this observation. For example, the bands could be AuO highlight the relativistic effects in the Au atonmp(CuO)

the (0,1) and (1,2) bands or the (1,0) and (2,1) bands. The matrix= 1.791 A,ro(Ag0O) = 2.077 A, andro(AuO) = 1.912 A. The
work of Griffith and Barrow did not record the near-infrared lanthanide contraction is well-known and useful in explaining
region and thus adds no insight to the absolute vibrational much of the decrease in bond length expected for AuO: the
assignments. However, it has been our experience that emissiovalence electrons are pulled inward due to the increase in
from ¢’ = 0 is the most intense for the many related transition- effective nuclear charge from the poor shielding effect of the
metal containing diatomics that we have obser7édlhus, the f-electronst However, direct relativistic effectalso must be
primary evidence for the vibrational assignments comes from included to accurately predict molecular properties such as bond
the lack of bands appearing elsewhere in the frequency regionlengths: the closest predictions have resulted from relativistic
that was recorded (356A2 000 cntl), and we do feel calculations.®10

confident in our assignment of the bands as (0,0) and (1,1)
transitions.

The rotational constants determined from the fit can be used
to determine the Dunham-type coefficients and bond lengths.
For the groundX?1s, state,Be = 0.3133730(78) cmt, ae =
0.0034888(78) crmt, ro = 1.9122 A, and1 = 1.9230 A, from
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