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We observe photoabsorption of the W (1) <— X(0) band in five carbon monoxide isotopologues with
a vacuum-ultraviolet Fourier-transform spectrometer and a synchrotron radiation source. We deduce
transition energies, integrated cross sections, and natural linewidths of the observed rotational tran-
sitions and find a perturbation affecting these. Following a deperturbation analysis of all five iso-
topologues, the perturbing state is assigned to the v = 0 level of a previously unobserved 'IT state
predicted by ab initio calculations to occur with the correct symmetry and equilibrium internuclear
distance. We label this new state E” 'TI. Both of the interacting levels W(1) and E”(0) are predis-
sociated, leading to dramatic interference effects in their corresponding linewidths. © 2014 AIP
Publishing LLC. [http://dx.doi.org/10.1063/1.4897326]

. INTRODUCTION

This paper is part of a series studying the photoab-
sorption and photodissociation of carbon monoxide (CO) at
vacuum-ultraviolet (VUV) wavelengths.' These phenom-
ena are of relevance to astrophysics because CO is the sec-
ond most abundant molecule in the Universe (following H,)
and chemically stable, and therefore provides a sink of C and
O atoms, limiting the formation of larger C- and O-bearing
molecules.*” The liberation of CO’s constituent atoms is
principally achieved by VUV photodissociation in regions ex-
posed to radiation having a wavelength shorter than 120 nm.
High-resolution absolutely calibrated photoabsorption mea-
surements are needed for quantifying this, and are most use-
ful after a detailed reduction to absorption-line wavelengths,
oscillator strengths (f~values), and predissociation linewidths
(or rates). This detailed information enables translation of the
experimental spectra into model cross sections for astrophys-
ical use.® A related phenomenon is isotopologue-dependent
self-shielding, whereby, even small differences between iso-
topologues in the highly structured CO spectrum can lead to
isotopic ratios of C and O atoms deviating from their elemen-
tal abundances. This isotopic fractionation can be propagated
further in the astrophysical photochemistry networks.% 10

More fundamentally, we seek to study the excited states
of CO and their many perturbations in detail. These consist
of photoabsorbing mutually interactive 'TT and !X+ states
of Rydberg and valence type,>''~!3 as well as perturbing
3T states connected to the singlet manifold by spin-orbit
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interaction.'*'® Much of the known vibrational, rotational,
and isotopological dependence of CO predissociation has
never been explained but likely arises from the interplay of
all of these excited states, including those that only appear
weakly in photoabsorption spectra.

The subject of this paper is the v =1 level of the
W 1 state, its photoexcitation, and its perturbation by a pre-
viously unobserved level. We consider five isotopologues:
12¢160, 12C170, 12C180, 13C'°0, and '3C'30. The W T state
consists of a 3s0 Rydberg electron built on the A?IT ex-
cited state of CO™' and leads to several prominent bands in
the 90-100 nm region of the ground-state absorption spec-
trum. Recent measurements of the W(v") — X (0) absorption
bands with v’ = 0 — 4 were performed by Eidelsberg et al.'*
for the '2C'%0, 13C'°0, and '?C'80 isotopologues, giving
rotationally-resolved f-values and linewidths. These detailed
measurements revealed large rotational dependences in these
quantities for the majority of bands. The W(1) «<— X(0) band,
in particular, has been studied previously in absorption,'’~>?
with most experiments focussing on '2C'%0. Further compli-
cations in the >C!'°0 W(1) < X(0) photodissociation spec-
trum were identified by Gao et al.>* by means of VUV laser
excitation of CO and velocity discrimination of the atomic-C
dissociation product. They determined that the lowest rota-
tional levels of W(1) decay via two channels, yielding both
C('D) + OCP) and C(P) + O(CP) dissociation products.

A comprehensive ab initio calculation of CO’s excited
valence states was performed by O’Neil and Schaefer® for
many classes of electronic symmetry and more recently
by Guberman.?® Vizquez et al.?’ further included molecu-
lar orbitals representing Rydberg states in a calculation of
'S+ and 31T states. Some of the experimentally important

© 2014 AIP Publishing LLC
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FIG. 1. Potential-energy curves of T states of CO relative to the ground-
state potential minimum. Red: Adiabatic valence-state curves calculated ab
initio by Guberman,?® reproduced from his Table 4 and Fig. 2. Black and
green: Experimentally deduced diabatic curves for W!IT and some further
Rydberg states of Lefebvre-Brion and Eidelsberg,? also showing experimen-
tal energies for the first three vibrational levels of W!TI for 12C160.

adiabatic states calculated ab initio have been treated dia-
batically. Lefebvre-Brion and Lewis'? deduced approximate
potential-energy curves for W 'IT and its curve crossing
with the E' 'TT valence state. Lefebvre-Brion and Eidelsberg?
quantitatively refined the W and E’ diabatic potential-energy
curves (as well as several other 'TT Rydberg states) and in-
ferred a large electronic interaction mixing the two states. A
combination of valence states (calculated ab initio) and dia-
batic Rydberg states of relevance to this study are plotted in
Fig. 1.

Il. EXPERIMENTAL AND ANALYSIS METHODS

All spectra were recorded using the Fourier-transform
spectrometer permanently attached to the DESIRS beamline
of the SOLEIL synchrotron. Technical details of this unique
wavefront-division interferometric spectrometer and the un-
dulator insertion element responsible for generating VUV
photons at the beamline may be found elsewhere.?8-3°

The best achievable spectral resolution of the instrument
is 0.07 cm~! FWHM but all absorption lines in our spectra
are much broader than this and resolution settings between
0.22 and 0.65 cm~! FWHM were used. The sample gases
were observed free-flowing through a differentially pumped
cell. This windowless setup was required for the transmis-
sion of VUV radiation through the apparatus but prevented
an absolute determination of the sample column densities.
The column density was instead calibrated by recording the
B'X+(v = 0) < X(0) absorption band, for which an abso-
lute f-value is known, under identical conditions. The cali-
brating f-value and its 7% lo-uncertainty is the average of
two independent experiments>'3?

f-value B(0) — X(0) = 0.0065 £ 0.0005. (1)

Additional effects in our experiment are estimated to increase
the systematic uncertainty of f-values deduced from each
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spectrum to 10%. These effects arise from small fluctuations
in the pressure of the absorbing CO during the course of some
measurements and mechanical vibrations affecting the align-
ment of the synchrotron beam and the interferometer, with
further details discussed elsewhere.* 33

Additional information regarding the absorption cell, iso-
topically purified gas samples, and column density calibration
are given in our previous publications."*>

Spectra were recorded at multiple column densities be-
tween 8 x 10'* and 3 x 10'® cm™2 in order to observe both
weak and strong lines with approximately unity peak opti-
cal depths. Most spectra were recorded at room temperature
(295 K) but some others were taken while cooling with lig-
uid N, to 90 & 5 K in order to reduce the number of excited
rotational transitions and avoid spectral blending. The lower
temperature was diagnosed from a recorded rotational profile
of the well-resolved W(0) < X(0) band.

The recorded absorption spectra were reconstructed by a
model requiring the positions, integrated cross sections, and
natural linewidths of all observed absorption lines. This was
then compared point-wise with the experimental scans and
iteratively optimised. The model generates a summed cross
section by adopting Voigt profiles for each line, composed
of Lorentzian natural and Gaussian Doppler broadening. The
summed cross section was converted into a transmission spec-
trum according to the Beer-Lambert formula and convolved
with a sinc function to reproduce the instrumental broadening
of the spectrometer. Further details of this analysis procedure
have been given previously.*> 33

The integrated cross section deduced for each
W' =1,J") < X" =0,J") line was converted into
a temperature-independent band f-value by factoring the
fractional excitation of each J” rotational level assuming a
thermally populated ground state, a 2J” + 1 ground-state
degeneracy factor, and appropriate Honl-London rotational
linestrength factors.>>»3* The levels observed here are all
completely dissociative and the observed natural linewidths,
I', are directly related to the excited-state predissociation
lifetime, T = 1/2mcl, where ¢ is the speed of light. The
contribution of radiative decay to the natural linewidths is
negligible for W(1).

The wavenumber scales of our spectra were absolutely
calibrated by comparing the positions of lines from a con-
taminating N, band, ¢ ' Z,f (v = 0) < X =7 (v" = 0), with
an absolute reference experiment.® This calibration is esti-
mated to be accurate within 0.015 cm~'. The wavenumber
and linewidth uncertainties of W (1) <— X (0) transitions de-
duced from our spectra depend very much on their degree of
blending, but in many cases are below 0.1 cm~!. The observed
transition wavenumbers were converted to excited-state term
values using the ground-state energy-level parameterisation
of Coxon and Hajigeorgiou.’® Term values are given relative
to the ground-state equilibrium energy unless stated other-
wise because of the multiple isotopologues considered in this
study.

The 10% systematic uncertainty of our column-density
calibration dominates the uncertainty of our W(1) <— X(0) f-
values for the best-resolved absorption lines. For weak and
blended lines, the fitting uncertainty is more important. All
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discussed and plotted uncertainties consist of 1o fitting errors
only, unless otherwise specified.

lll. RESULTS

Spectroscopic analyses were made of the W(1) < X(0)
absorption band at 95.6 nm for all five isotopologues. Gen-
eral remarks are presented here and Secs. III A-III E discuss
isotopologue-dependent details.

The observed absorption bands are plotted in Figs. 2—
4. The rotational lines of all isotopologues are significantly
blended and predissociation broadened, but a first clue to their
assignment arises from the small number of apparently nar-
row well-resolved lines. For example, the P(9), Q(8), and
R(7) lines in '>?C'30 are clearly identifiable in Fig. 3 and
conform to their expected combination differences. Tran-
sition wavenumbers, integrated absorption cross sections,
and natural full-width at half-maximum (FWHM) linewidths
were assigned to all observed rotational lines beginning from
such easily assigned features. These data are summarised in
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Figs. 5-8; and given in full in the supplementary material.’’
Not all experimental line parameters could be determined in-
dependently and some interpolations and assumptions were
necessary. For example, the A-doubling of W(1) e- and f-
parity levels is very small (<0.2 cm™! in all cases) and was
frequently neglected when fitting broad and blended lines.

All isotopologues exhibit an apparent perturbation of
W!II term values due to another state of lower rotational
constant, hereafter labelled E”(0) (see Sec. IV). For '2C'°0,
this occurs between J = 5 and 6, for 2C!70 between J = 6
and 7; and for 2C"8Q, 13C'%0, and 3C'80 between J = 7
and 8. The resultant deflection of the W (1) term series is ap-
parent in Fig. 5 as sudden jumps in otherwise smooth pro-
gressions. Accompanying these level crossings are natural-
linewidth variations, shown in Fig. 7, which follow a common
pattern for all isotopologues: lines are suddenly narrower after
the crossing point but continue to broaden (apart from the case
of 3C30).

The lines of W(1) <— X(0) nearest its crossing with the
perturber state are weakened, with band f-values shown in
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FIG. 2. Absorption spectra showing W(1) <— X (0) and transitions to the perturber state, labelled E”(0) < X(0), for the 12¢160 and 12C170 isotopologues.
Upper blue lines: Lower-pressure room-temperature spectra. Lower blue lines: Higher-pressure liquid-N,-cooled spectra. Red lines: Model profiles of individual

rotational transitions. Green lines: Residual errors of fits to the low pressure spectra. Thin indigo line in >C'7O: The contributing absorption of contaminating
12¢160 and '2C'80 (sample composition: 2C1°0:12C170:12C!80=1: 0.85: 0.20).
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transitions. Green line: Residual errors of the fit to the low pressure spectrum.
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Fig. 6. Extra lines appear at energies above the bandhead
of W(1) < X(0) for all isotopologues. Assuming these to
be borrowing strength from W (1) < X (0), they are assigned
to the R-branch of the perturbing state with the strongest of
these corresponding to the same J as the most weakened W (1)
< X(0) lines. No perturbing rotational transitions are ob-
served after the crossing point with W (1) even though some
higher-J W(1) transitions are also evidently weakened in
intensity. This non-appearance would be explained if the
perturbing-state levels have increased natural linewidths after
the crossing point.

The band f-values for some W(1l) < X(0) transitions
were assumed constant over short J-ranges, and the natural
linewidths sometimes fitted to piecewise sections linearly de-
pendent on J(J + 1). This was necessary to fit heavily blended
features and the affected subsets of J are indicated in Figs. 6
and 7. The majority of A-doubling effects which distinguish
between e- and f-parity excited levels were not resolved in
our experiment. That is, an additional assumption was made
adopting a common upper-state band f~value and linewidth
for P-, O-, and R-branch transitions exciting a common W (1)
rotational level. Common excited-state term values were also
assumed, with some exceptions listed in the supplementary
material.?’

A. 120160

Two recorded absorption spectra showing W (1) < X(0)
in 12C'°0 are plotted in Fig. 2. One of these is at room temper-
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FIG. 6. Band f-values of the observed W(1) <— X(0) transitions (black) and
the perturber state (red) for all isotopologues, indexed by upper state rota-
tional level J. Error bars, circles: Experimental data with 1o uncertainties.
Filled grey regions: Each region is fitted to a J-independent f~value with thick-
ness indicating a 1o fitting uncertainty. Solid curves: f-values calculated from
the two-state mixing model.

ature and another scan was recorded with a liquid-N, cooled
CO sample at approximately 10 times higher column density.
With the latter settings, most rotational lines of W(1) < X(0)
are completely absorbed but several further transitions to the
perturber state above the W(1) <— X(0) bandhead become
visible. It was not possible to determine accurate integrated
cross sections for these extra lines because of their blending
with the W(1) < X(0) bandhead.
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FIG. 7. Natural linewidths of the observed W(1) (black) and E"(0) levels
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bars, circles: Experimental data with 1o uncertainties. Thick grey curves:
Short sections of linewidths fitted to assumed linear dependences in terms
of J(J + 1) with thickness indicating a 1o fitting uncertainty. Solid curves:
Widths calculated from the two-state mixing model.

B. 120170

The analysis of W(1) <— X(0) spectra obtained from our
purified sample of '>C'7O was hampered by its high degree
of contamination from other isotopologues. A mixing ratio,
2¢cl7Q . 12¢l60 ;. 12¢180 =1 : 0.85 : 0.20, was determined
from an analysis of the B'X*(0) <« X(0) band which is
not predissociation broadened, allowing for easy discrimi-
nation of isotopologic lines, and has a mass-independent f-
value.’> A spectrum recorded at room temperature is shown

J. Chem. Phys. 141, 144311 (2014)

2.0 T T s T T T
1.5 | 12016 u

—05F e T
1.0} : .
—1.5 o -
—2.0 ! LN I ! !

2.0
1.5
1.0
0.5 F
0.0 F—
—-0.5 .. :
10} i
~15}F u
—2.0 | | | | | |

Residual term values (cm™1)

2.0 T T T T T T

FIG. 8. Residual errors following the deperturbation of the W (1) (black) and
E"(0) (red) rotational term values. Also shown is the residual of a fit to W(1)
term values neglecting their interaction with E”(0) (dotted lines).

in Fig. 2 along with the assignments of '>C!”O absorp-
tion lines, and a partial model indicating the contribution of
12C1%0 and ?C'80 to the observed absorption. The line posi-
tions, widths, and relative cross sections of the contaminating
12C18Q and '>C'80 lines are identical to those determined in
Secs. III A and III C, and were uniformly scaled in strength
to make a best fit while analysing '>C'7O. Three extra lines
are apparent in a higher column density spectrum of '2C!’0Q
above the W(1) <— X(0) bandhead, and are assigned to R(3),
R(4), and R(5) transitions.
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C. '2¢%0

The W(1) < X(0) band in '>C'80, plotted in Fig. 3, re-
sembles the case of '>C'%0 except that the level crossing with
the perturber state occurs between J = 7 and 8. Also, the
observed '>C'80 linewidths after the crossing are somewhat
broader. There are two predissociation-broadened extra lines
above the W(1) < X(0) bandhead which are more evident in
the recorded spectrum with higher column density.

D. 1sc160

The widths of the mostly blended lines of W(1) <— X(0)
in BC'°0 were assumed to follow linear J'(J' + 1) depen-
dences over the observed ranges above and below J' = 8. The
narrow transitions leading to J' = 8 were fit to a single com-
mon linewidth. This band is accompanied by five extra lines
appearing above its head. One of these, the R(6) line, is suf-
ficiently strong that its f~value and width could be quantified
in a lower-pressure scan. The widths of the other extra lines
were estimated from a very high-pressure scan recorded with
the aid of liquid-N, cooling.

E. 130180

Three absorption spectra showing W(l) <— X(0) in
BCI8Q are plotted in Fig. 4: at room temperature (295 K),
liquid-N, cooled (90 K), and at room temperature but with ap-
proximately 5 times greater column density. The R(7), O(8),
and P(9) lines are identifiable in the low column density
measurement as peaks in the optical depth, due to their re-
duced width. The remainder of the band is heavily overlapped
and obscured, and the assumption of constant or linear J(J
+ 1) dependences for the fitted f~values and linewidths was
adopted, as indicated by polynomial fits in Figs. 6 and 7.

For this isotopologue, the perturbing state crosses W (1)
between J = 7 and 8 according to the term values deflections
evident in Fig. 5. Two extra lines appear above the W (1) band-
head and are assigned to R(5) and R(6) transitions. Another
extra line is observed in the liquid-N, cooled spectrum and is
assigned to a Q(7) transition of the perturber, with its energy
separation from the R(6) line matching the expected combina-
tion difference assuming no A-doubling of the excited level.

There is a predissociation-broadened red-degraded fea-
ture overlapping the higher rotational lines of W(1) < X(0)
and which is particularly apparent in the liquid-N, cooled
spectrum. Its peak absorption is marked with an aster-
isk in Fig. 4. The profile of this feature was fit to a 'Il
<— X(0) band with excited-state spectroscopic parameters 7},
= 104545 cm~! and B, =12 cm™!, and a J-independent f-
value and natural linewidth, 0.01 and 8 cm~! FWHM, respec-
tively. These fitted parameters are highly model dependent but
work reasonably well for both low and high temperature spec-
tra. Attempts to fit this band as a ' = < ' 7 transition were
less satisfactory. The identity of this band is unknown but a
possible candidate is the v = 5 level of the F’ T state, which
was predicted in an experimentally based model of interact-
ing Rydberg and valence states to have T, = 104580 cm~! and
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B, =1.09 cm~! in 3C'80.2 Identifying similar levels in the
other CO isotopologues may help to confirm this assignment.

A higher-pressure room temperature scan allowed for
the observation of W(1) <— X(0) transitions out to J = 24.
This scan also revealed further extra lines appearing below
104500 cm™!, indicated in Fig. 4 by filled circles. The source
of these extra lines could not be determined.

Finally, there is an additional perturbation of W(1) en-
ergy levels between J = 15 and 16 appearing as a 1 cm™!
deflection of the term values shown in Fig. 5. The cause of
this perturbation could not be determined but it affects both e-
and f-parity term values.

IV. DEPERTURBATION OF ENERGY LEVELS

The interaction between W(1) and the perturbing state
affects the P, R, and Q branches of W (1) equally and is there-
fore parity independent. Additionally, the perturbation only
appears once in the rotational progressions of each isotopo-
logue, suggesting a state of singlet multiplicity. The symmetry
of the perturbing state is then likely to be ' TT, which is consis-
tent with our E”'TT assignment, and its interaction with W (1)
to be of an homogeneous electronic type and independent
of J.

For each isotopologue, a simple two-level deperturbation
was made of the observed W(1) and perturber term values.
For this a J-dependent series of matrices,

Ty(J)  Hyg )
Hyg Tp(J) |’

was repeatedly diagonalised until their eigenvalues best
matched the experimental term values. Five adjustable param-
eters were optimised in this way which describe the deper-
turbed term series,

Ty =Ty +ByJJ+1)—Dyl[JUJ + D 3
and
TE//(J) == TE” + BE//J(J + 1)7 (4)

and a sixth parameter was used to simulate a homogeneous
electronic perturbation mixing the two levels, Hy, .. The fit-
ted parameters and their uncertainties are given in Table I
and the residual errors of the fitted term values are plotted in
Fig. 8.

The reduced-mass, w, dependence of the deperturbed
molecular parameters for W(1) and the perturbing state may
be compared with their expected first-order behaviour.*® That
is,

_ B[*CPOJu[*CPO] _
- Bv[12C16O]M[12C16O] -

a)e[ACBO] B /,L[12C160] (6)
we[12cl60] - M[AcBO] ’

&)

and
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TABLE 1. Deperturbed molecular parameters of W (1) and its perturbing level.?
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w(l) Perturber, E(0)
u® T, Ty By, Dy, x° N Tpnd By x° ¥ Hy g
2¢cl60  6.86 108178  105657.52(9) 1.575(2) 6.3(7) x 1073 1 —0.13 105688.8(5) 0.692) 1 02 421
2¢c70 7.03  1068.03  105641.28(7) 1.539(2) L.1(1) x 10~*  1.003(2) 021 105 681(3) 0.77(6)  1.2(1) —-31 412
2¢180 720 105572 105626.09(6) 1.487(2) 1.8(1) x 107*  0.992(2) —0.15 105 679(2) 0.693) 1.06(5) —08 5.7(1)
Belog 717 105773 105 628.8(2) 1.501(3)  2.0(2) x 10~*  0.997(3) 0.16 105681.2(7) 0.66(2) 1.01(4) 09 5.6(2)
BeBOo 755 1031.05 105 627.6(4) 1.409(5) 52) x 107> 0.985(4) 31 105678.7(6)  0.62(1)  0.99(4) 76 642

2All parameters in cm~! and 1o uncertainties are shown in parentheses in units of the least significant figure.

bReduced mass (amu).

¢Ground-state zero-point energy from the constants of Coxon and Hajigeorgiou.>
dRelative to the ground-state equilibrium energy.

¢From Eq. (5).

From Egq. (8), following a minimisation of parameters excluding '*C'30 giving 7, = 104357(4) cm™! and o ['*C'%0](v + 1) = 1300(4) em™".
2From Eg. (8), following a minimisation of parameters excluding '3C'30 giving T,= 105318(39) cm~! and w([IZCIGO](v + %) =370(40) cm™'.

Here, w, describes the vibrational energy spacing of a har-
monic oscillator with energy levels

T,[*CPO1 =T, + w,[*CPO] <v + %) . @)

Then, the quantity

ACBAY T u['*C190] 15 6 ( l)
T,[*C°0]—T, ,—M[ACBO] w,[“C°0] v+2

—y ®)

should be zero for all isotopologues.

The calculated values of x and y from Egs. (5) and (8) are
listed in Table I and are generally close to 1 and 0, respec-
tively, apart from the case of '3C!80. The deviations from
the expected mass scaling of the perturber state in all other
isotopologues are consistent with the experimental uncertain-
ties of the deduced x parameters and the term values from
which y is calculated. This observation supports the rota-
tional assignments of perturbing-state lines which were made
for the most part without the benefit of confirming combina-
tion differences. The small range of isotope shifts deduced
for the band origin of the perturber state and its value for
we[IZCI(’O](v + %) = 370(40) cm~', fitted using the data in
Table I, suggests the observed level has a low vibrational ex-
citation, likely with v = 0. Taken together, our conclusions on
the characterisation of the perturber lead to its assignment as
E"(v = 0), as foreshadowed in Sec. III.

There is a large discrepancy in the quantity y between
the cases of '*C'80 and all other isotopologues. W(1) occurs
about 30 cm ™! higher in energy than expected for 3C'80 and
the perturber is also apparently shifted upwards. This may be
a result of an interaction with the nearby lower-lying state re-
sponsible for the additional broad feature indicated in Fig. 4.
Additionally, the B-values of W(1) and E"(0) in 3C'80 do
not deviate from the expected mass scaling, as indicated by
the quantity x in Table I. This suggests that any interaction
with the state responsible for the broad feature is of homoge-
neous character and is consistent with the hypothesis that it
arises due to the v = 5 level of the E' 'TT state.

The W state 7, and w, values deduced from Table I
from the mass dependence of W(1) differ significantly from

those known from the complete W(v = 0—3) experimental
record"'? and theory.?’ This discrepancy arises from the large
electronic interactions mixing the W state with remote levels
of the E' 'TI state and other Rydberg 'TT states, whose per-
turbing effect is isotopologue dependent.”

An estimate of the equilibrium internuclear separation,
R., of the perturber state may be made from its equilibrium
rotational constant, B,, according to*’

72
R = ,
¢ 2uB,

()]

giving a value of 3.5 a.u. (1.9 A), assuming B, ~ B, from
Table 1. This is significantly larger than the equilibrium sep-
aration of CO’s Rydberg states (R, < 2.2 a.u.) or the va-
lence E''T1 state (R, ~ 2.3 a.u.) which has been shown to
interact strongly with W 'T1.? Instead, the deduced R, is in
good agreement with an adiabatic 'TT potential-well® plot-
ted in Fig. 1. We propose that the observed perturber level
belongs to the first bound state of this well, to which we
choose to assign the spectroscopic label E”. The large-R,
well is formed from the adiabatic interaction of the outer
limb of the E' 'TT diabatic state and a repulsive curve which
dissociates to ground state C and O atoms. The curve cal-
culated by Guberman®® has an equilibrium position with T,
= 105100 cm™! and R, = 3.60 a.u., in good agreement with
our experimentally deduced values of about 105 300 cm™!
and 3.5 au. The vibrational constant determined by
Guberman,2° w, = 492 cm™ !, indicates our isotope-shift-
deduced value of »,['>C'0](v + 1) = 370(40) cm~"! is most
consistent with the ab initio curve when assigning the ob-
served E” level to v = 0, as assumed above.

The same bound state calculated by Guberman®® also
appears in the calculations of Vazquez et al.?’ with pre-
dicted spectroscopic parameters 7, = 104640 cm~! and R,
= 3.65 a.u. An earlier calculation® led to the suggestion its
bound vibrational levels may have appeared in previously
recorded emission spectra, which has since been refuted.*®
Lefebvre-Brion and Eidelsberg® suggested an indirect influ-
ence of the predicted state may arise due to its perturbation
of the vibrational energies of the E’ T state, which remains
to be verified. The disagreement between the above-noted
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ab initio-deduced T, values and our experimental value is
comparable to discrepancies noted with other better-observed
states.>>~7

The overlap of W(1) and E”(0) vibrational wavefunc-
tions is completely negligible because of the large separation
of their potential-energy curves. We therefore propose that
the observed interaction is mediated by the E' 'TI state. An
experimentally constrained study of !TT Rydberg-valence in-
teractions by Lefebvre-Brion and Eidelsberg” found an elec-
tronic coupling of about 400 cm~' between the diabatic E’
and W states and a 3%-21% admixture of E’ electronic char-
acter in the observed W (1) level, depending on isotopologue.
In their analysis, the degree of admixture is largely depen-
dent on the proximity of the unobserved E'(5) level to W (1),
predicted to lie around 40 cm™' higher in energy, but can-
not be separated from the influence of other Rydberg states.
Additionally, as mentioned above, the E” potential well is
formed from the electronic interaction of a repulsive state and
the E’ outer limb in a diabatic representation. The minimum
separation of adiabatic £’ and E” potential-energy curves in
Fig. 1, #1100 cm™!, provides an estimate for the magnitude
of this interaction, 1100/2 = 550 cm™' (Ref. 39, Sec 3.3).
Considering the partial E’ electronic character of W(1) and
the large coupling of E’ with the E”-antecedent repulsive state,
our determination of the effective interaction of W(1) and
E"(0) of around 5 cm™! is quite plausible. Quantitative mod-
elling of the experimentally deduced interaction would re-
quire the solution of a coupled vibrational Schrodinger equa-
tion using accurate potential-energy curves for all the states
involved.

V. DEPERTURBATION OF INTENSITIES AND WIDTHS

The deperturbation of W (1) and E”(0) energy levels also
generated J-dependent state mixing coefficients. Using these,
we simulated the intensity borrowing of an intrinsically dark
perturber, assuming a J-independent band f~value for W(l).
The calculated f-values of W (1) and the perturber are shown
in Fig. 6 and the magnitude of transferred intensity is quite
satisfactory when compared with the experimental values.
The model predicts one or more strong perturber transitions
for J above the crossing point which are not observed, most
likely because the excited perturber levels are suddenly broad-
ened and indistinguishable in our spectra.

The observed patterns of W(1) linewidths, shown in
Fig. 7, were also well reproduced using the mixing coeffi-
cients deduced from deperturbing term values. For this, we
assumed that both W (1) and the perturber level couple to the
dissociation continuum with interaction parameters propor-
tional to the square-root of their predissociation widths, I"y,
and I', respectively. These were assumed to be of the form

'y=a+bJ(J+1) (10)
and

A (11)
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TABLE II. Deperturbed predissociation widths of W(1) and the perturber
state, E”(0).*

Ty
12¢log 1.58(1) +0.470(5)- J(J + 1) 5.1(11)
12¢l70 0.55(42) + 0.018(6) - J(J + 1) 5.7(39)
12¢180 0.75(23) 4+ 0.033(4) - JJ + 1) 5.7(8)

13¢log 0.61(45) + 0.031(6) - J(J + 1) 7.2(10)
Rlelile} 3.8(20) —0.007(7)- J(J + 1) 2.1(47)

In units of cm™', FWHM and with 1o uncertainties shown in parentheses in units of
the least significant figure.

The parameters a, b, and c, listed in Table II, were obtained
from a best fit to the experimental widths of the quantities,

Loy () = [eyw (YT () = g (DYT (NP (12)

and

T () = ey (YT = cprp(DYT(DP. (13)

Here, ¢; is the coefficient describing the mixing of pure level
i into observed level j. The negative sign of the interference
in these equations was required to reproduce the correct sense
of the interference between W and E” widths around the level
crossing. Actually, the observed interference pattern only con-
strains the sign of the product of three interactions: W (1) with
E"(0), W(1) with the continuum, and E”(0) with the contin-
uum; and other combinations of signs will produce the same
width pattern.*!

The J-independent part of the W(l) predissociation
broadening may arise from its electronic coupling to other
'TI states and their mutual spin-orbit interaction with fur-
ther states of 3TT symmetry,>'3?* a process which has yet to
be fully quantified. The assumed J-dependent interaction of
W(1) with the continuum in Eq. (10) was necessary to ex-
plain the observed trend of W(1) linewidths away from the
perturber crossing point. The physical cause of this depen-
dence could be a multichannel effect, whereby many remote
'TI and 311 levels influence the width of W(1) in a compli-
cated way. Similar J-dependent widths have been determined
experimentally for other W (v) levels'-* and a confident expla-
nation of their predissociation mechanism awaits comprehen-
sive modelling of CO’s interacting electronic states consider-
ing a large set of vibrational levels.> ¢ Alternatively, a simpler
J-dependent mechanism may be at work, whereby a rotational
interaction proportional to /J(J + 1) mixes W(1) with an
unbound state of ' X or ' A symmetry. The ! & case is ruled out
by the parity independence of the observed predissociation
broadening; that is, the P- and R-branch widths, and Q-branch
widths vary similarly. A possible candidate for rotationally in-
duced predissociation is then mixing of W (1) with the contin-
uum of the D' A state. This state dissociates to ground-state
C(P) 4+ O(P) atoms, and has a principal electronic configu-
ration differing from W 'TT by only a single electron orbital.*?
Indeed, the product-sensitive photodissociation '2C'%0 ex-
periment of Gao et al.>* found a 75% probability that the
J =1 and 2 levels of W(1) dissociate to form ground state
atoms, with the remainder dissociating as C('D) + C(P).
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These secondary products correlate with the dissociation en-
ergy of triplet-multiplicity molecular states only.

It is not clear from the constraining experimental widths
whether the perturber state truly interacts with the continuum
independently of J, as assumed in Eq. (11). The deduced in-
teraction is isotopologue independent within the fitting uncer-
tainties of Table II and is quite consistent with the direct pre-
dissociation of the v = 0 level of the large-R potential well
and repulsive state shown in Fig. 1.

VL. SIMILARITY TO N,

A previous comparison of the electronic states of CO
with the isoelectronic molecule N, noted the similarity of
molecular parameters for some pairs of states and the ap-
proximate correspondence of their principal configuration of
single-electron molecular orbitals.'® Significant differences
do however occur because of the lack of gerade/ungerade
symmetry in the case of CO and the differing orbital and spin
angular momenta of the separated atoms.

As noted by Lefebvre-Brion and Lewis,'* the W 'II
state of CO studied here is configurationally analogous to
the o, 'T1, state of N,, with both attributable to a 3so elec-
tron orbiting an excited *IT (or *I1,) ionic core. They fur-
ther compared the b'Il, state of N, with a posited CO
state £’ 'TI, which was later observed” and is approximately
isoconfigurational with b!'TI, at its calculated potential
minimum.?’

A comparison of 'TI (or 'TI,) potential-energy curves
calculated by Guberman for N,* and CO?® indicates a fur-
ther correspondence of the outer-well of the b 'T1,, states with
the E” ' state studied in this paper. That is, a diabatic linear
combination of E’ and E” states results in a single bound po-
tential, analogous to the b 1 I1, state, crossed near 3.3 a.u. by
a repulsive curve which dissociates to ground state C(*P) and
O(*P) atoms. However, no corresponding 'T1, state capable
of perturbing b IHH in N, can be constructed from a pair of S
ground-state N atoms.

VIl. CONCLUSION

The photoabsorption spectrum of W(l) < X(0) was
recorded for five isotopologues of CO and rotationally anal-
ysed, revealing a perturbation influencing its line positions
and their predissociative broadening, as well as the appear-
ance of extra lines from a previously unobserved level. A
complete listing of these data is provided in the supplemen-
tary material.’’

We were able to deperturb the observed levels and attain
spectroscopic constants for the perturbing level by combining
information from all isotopologues. The deduced equilibrium
internuclear distance of the perturbing state and isotopic shifts
of its energy levels is not consistent with the well-known Ry-
dberg and valence states of CO. Instead, we assign the per-
turbing level to the v = 0 level of a hitherto unobserved 'T1
state predicted in ab initio calculations at large internuclear
distance, which we choose to label E”.

The rapid J-dependence of W (1) predissociation broad-
ening around the crossing point with the new E”(0) level is the
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result of interference between their separate interactions with
the dissociation continuum. Deperturbing this interaction re-
quired a rotational dependence for the deperturbed predissoci-
ation of W(1), suggesting multiple predissociation pathways
are available to W(1). Further exploration of this phenomenon
would benefit from an extension of this deperturbation to in-
clude, potentially, several other interacting electronic states
including those of ¥ symmetry or triplet multiplicity. We in-
tend to further study CO’s excited states experimentally in
order to help constrain such a deperturbation.
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