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The I?‘.J”-.i”.+l’ perpendicular
system of CuOH and CuOD in the green was tirst measured
and analyzed by Trkula and Harris for K: G 1 (J Chorr. P/IJ:v.
79, I I 38-I 144 ( I983 ) ). We have
extended their measurements
up to KL = 9 and Ku = I2 for CuOH and CuOD. respectively. and
completed a distortion analysis for both electronic states. Extensive perturbations
were observed
for K: 3 2 in CuOH. and these are suspected to arise from interaction with the OH stretch of a
lower-lying triplet state. An improved partial r, structure for the molecule was also evaluated for
both electronic states. The ground state geometric parameters are ~(.~-o = 1.76X93( 25 ) A. ro_,,
c I’)YO
AzadcmlcPress. Inc.
= 0.9520( 50) A. and Icuow = llO.345( 80)“.

INTRODUCTION

In recent years, much spectroscopic effort has been devoted to the study of diatomics
containing
transition
metals, particularly
hydrides and oxides, but as yet little has
been done to extend this work to polyatomics.
Such investigations
will yield more
information
on the covalent/ionic
nature of transition metal bonds, and also provide
experimental
observations
to test ab initio theory.
It was the initial aim of this work to investigate the chemiluminescence
spectra of
copper-containing
polyatomics
using a hollow cathode sputtering source similar to
that developed by Trkula, Harris, and Hilborn (1). These authors used such a source
to produce CuOH, and they rotationally analyzed the green system by high-resolution
laser-excitation
spectroscopy (2). As a test of our source, we repeated the work of
Trkula and Harris, using HZ0 and DzO as oxidants. and obtained a very strong green
chemiluminescent
flame. When this light was dispersed through a monochromator,
we obtained a spectrum in the green which agreed very well with the chemiluminescence
spectrum reported by Trkula and Harris (2).
However, two additional features were observed in the red. one with a closed parallel
structure and the other more open. Anti&JavanoviC and PesiC reported a red transition
in their work on flames containing copper salts (3) in 1969, and more recently Parson
and co-workers have observed these two red systems in the chemiluminescence
spectra
of the reaction of excited Cu atoms with HZ02 (4 ). The structure of the more open
band closed up on deuteration,
indicating that the molecule responsible for this band
contained hydrogen. Furthermore,
the ratios of the intensities of both red systems to
the green system were insensitive to the discharge conditions and this led us to conclude
that both red systems were due to CuOH. High-resolution
laser excitation spectra of
’ Alfred P. Sloan Fellow; Camille and Henry Dreyfus Teacher-Scholar.

0012-2X52/90
Copyright
All

nghts

286

$3.00

RI 1990 by Acadrmc
of reproductm

Press. Inc.

,n an> limn

rescned

B’A”-,f’.-I’

SYSTEM OF CuOH AND CuOD

387

these red systems have now been recorded, confirming that both transitions connect
to the ground electronic state. These spectra and their analyses will be presented
elsewhere.
During the analysis of these red spectra, it became apparent that better ground state
rotational constants were needed to form more accurate ground state combination
differences. In the previous work on the green system (2). only transitions for KU B 1
were measured. and so the band origin and DK were not determined
for either state,
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and the values for DJk.
were ill-determined.
Consequently,
we have re-recorded the
high-resolution
spectrum of the green system and extended the measurements
to higher
K,.This paper contains the results of our analysis.
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TABLE V
Observed

Line Positions

O-C Units of lo-’ cm-‘.
* Line not included in the fit.
# Line used to form ground state combination

(cm-‘)

differences

for 63C~OH
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TABLE VI
Observed

Line Positions

(cm-‘)

O-C Units of 10m3 cm-‘.
* Line not included in the fit.
# Line used to form ground

state combination

differences

for “CuOH
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TABLE VII
Observed

Line Positions

O-C Units of lo-’ cm _’
* Line not included in the fit.
# Line used to form ground state combination

(cm -’

differences.
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TABLE VII-Continued

EXPERIMENTAL

DETAILS

In the course of this work, it was noted that the hollow cathode sputtering source
produced relatively noisy spectra, and so we investigated alternate sources of copper
atoms. Ultimately,
the best source proved to be a conventional
Broida oven (5)
equipped with a graphite crucible for the high temperatures
necessary to melt copper
The copper vapor was then entrained in a flow of argon which entered at the top of
the crucible, and this flow was channeled into the oxidant region through a graphite
funnel. It was found that hydrogen peroxide produced far more CuOH than water,
and so all spectra were recorded using H?O, or D202 as the oxidant.
The laser used in this study was a single-frequency
Coherent 699-29 ring dye laser
operating with Rhodamine
110 dye and pumped by a Coherent Innova 20 argon ion
laser. The laser beam was aligned vertically in the flame, and the laser-induced
fluorescence at right angles to the beam was focused onto the entrance slit of a 0.64-m
monochromator.
The dispersed fluorescence was then detected with an RCA C3 1034
photomultiplier
tube, processed by photon counting electronics, and recorded as a
function of frequency using the Coherent Autoscan system.
The technique of laser excitation spectroscopy with filtered fluorescence detection
was used to analyze the green system of CuOH and CuOD. Spectra were taken by
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Line Positions

(cm-’ ) for %IOD
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O-C Units of 10m3 cm-‘.
* Line not included in the fit.
# Line used to form ground state combination
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IX
for CuOH

setting the monochromator
on a feature resonant with the transitions excited by the
laser, opening the monochromator
slits to -2 A, and scanning the laser. In this way
it was possible to record only the branches resonant with the feature covered by the
monochromator
bandpass. The frequency scale was calibrated by simultaneously
recording the I2 spectrum with each scan, and comparing
these frequencies with the
published line list after applying the 0.0056 cm -’ correction (6. 7).
RESULTS

AND

DISCUSSION

The B’A”-jlA’
transition is a c-type electronic transition, and hence has rotational
structure akin to a perpendicular
band of a prolate symmetric
top. The strongest
features in the low-resolution
spectra of both CuOH and CuOD are a series of P.rRKU
subband heads and ““QKa subband origins converging to the red (2). These features
were convenient for recording the spectra-low-J
scans were accomplished by scanning
the laser through the p"PQRKo
branches with the monochromator
set on the connecting
r,pQh.,iz origins, while high-J scans were made with the monochromator
on the connecting 'PRKo,+~
heads. A total of 3724 lines for the four isotopic species 6’CuOH,
65C~OH, 63C~OD, and 65C~OD have been assigned and measured.
P.rPRK
subbands was straightforward-lines
The J assignment for the unperturbed
were fit to a polynomial
in m (m = -J” for thl P branch and rn = J” + 1 for the R
branch),
whose origin was adjusted until it coincided with the observed Q-branch
origin. For these unperturbed
subbands, the corresponding
Q-branch assignment was
also usually unequivocally
established by fitting the lines to a polynomial and requiring
the origin to coincide with the fitted origin of the PR branches. These unperturbed
assigned transitions
were then fit to a model which described the energies of both
ground and upper electronic states with a Watson .A reduced Hamiltonian
in the I’representation
( 8). From this initial fit, it was then possible to predict and assign the
remaining unperturbed
Q branches, and include these lines in a further global fit. The
perturbed subbands were assigned by using ground state combination
differences predicted from the latest global fit, and then all possible ground state combination
differences were calculated from this data and used in the next fit. This procedure iterated
until all measured lines had been assigned for a particular isotopomer.
The effective
rotational constants of the final fits (one standard deviation in parentheses) are given
in Tables I-IV for 6”CuOH, 65C~OH, 63C~OD, and 6sC~OD; the corresponding
transitions and deviations from the fit are given in Tables V-VIII.
A partial r, structure has also been determined
for both electronic states from these
rotational constants. For this determination,
Kraitchman’s
equations (9, 10) for single
isotopic substitutions
were used to locate the copper and hydrogen nuclei relative to
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FIG. 1. A portion of the high-resolution
spectrum of CuOH around the PQ3 subband origin. A strong
local perturbation
affects the upper k; = 2 stack, and transitions to both interacting levels are seen. Lines
marked with an asterisk (*) are assigned to 65C~OH.

the center of mass of the “parent.” It was necessary to impose one extra constraint to
determine the coordinates
of the oxygen nucleus (for which no isotopic data were
measured).
This could come either from the definition of the center of mass, or from
the moment of inertia equation. However, the small b coordinate for the copper nucleus
was badly determined,
and so we chose to use the moment of inertia equation (which
depends on the square of bc,-a
very small number) to determine the position of the
oxygen nucleus. This gave more consistent results than when the definition
of the
center of mass was used as the constraint. Each of the isotopomers were taken in turn
and the average value for each molecular parameter is presented
as the “parent,”
together with one standard deviation from this averaging procedure in Table IX.
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FIG. 2. A plot of deviation
from the tit against J for the upper K0 = 2 stack in CuOH showing two
perturbations.
The lower asymmetry component
(for which I?‘~+ k; - J = I ) are marked with triangles
(a) while the upper asymmetry components
(for which K, + k; - J = 0) are marked with squares (0).
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FIG. 3. A plot of deviation from the fit against / for the upper k;, = 3 stack in CuOH showing two
perturbations.
The lower asymmetry
component
(for which k;, + Kc - J = 1) are marked with triangles
(a) while the upper asymmetry components
(for which k; + k; - J = 0) are marked with squares ( 0)

Our results can be compared directly with those of Trkula and Harris (2), and most
values for the rotational constants A, B, and C lie within 3 times their quoted errors.
The slight differences are not surprising because we have included additional distortion
terms in our fits, the effects of which were absorbed by the rotational constants in
their fits. We have determined the ‘4 constants better by two orders of magnitude,
and the B and C constants better by one order of magnitude. The improvement in
the determination of the rotational constants is reflected in the improvement in
the precision (but not necessarily the accuracy) of our structure determination (Table IX).
A surprising result of our reanalysis of the green system of CuOH was the number
and magnitude of perturbations affecting the upper electronic state. These perturbations
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FIG. 4. A plot of deviation from the fit against J for the upper
perturbation
affecting the Ka = 4-6 and K, = 9 stacks.
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were most evident in the spectrum of CuOH (for both Cu isotopes), and Fig. 1 clearly
demonstrates
the effect of a large local perturbation
for K, = 2 in the upper state. The
portion of the spectrum displayed in Fig. 1 shows many extra lines near the PQ3
subband origin. This perturbation
is also displayed in Fig. 2 which plots the average
deviation for all observed transitions ending on this K, stack against J. The different
asymmetry components
are depicted by squares for those levels where y = k; + Kc
- J = 0 (upper asymmetry component) and triangles for those where y = 1 (lower
asymmetry component).
As this plot shows, there is another small local perturbation
centered on J = 24. Figure 3 presents a similar plot for K, = 3, and clearly shows that
there are also two perturbations
affecting this stack-one
centered on J = 17, and
another which splits the asymmetry components
after J = 23 which must be caused
by a K, = 1 stack.
The final perturbation
plot for CuOH is given in Fig. 4, and this shows the global
perturbations
affecting some higher Kustacks. The effect on K, = 4-6 can be explained
by an interaction
with a higher-lying perturbing state which has a smaller A constant
so that it lies just above the energy of the L?‘A” state for K, = 5.
In contrast, the spectrum of CuOD revealed no large perturbations;
the only observed
perturbations
were small ones for K, = 6 and K, = 8,shown in Fig. 5. Clearly there
is a vibronic state associated with a lower-lying electronic state very close in energy
to the B’A” state in CuOH but further away in CuOD. This perturbing state is likely
to contain at least one quantum
in either the O-H stretch or the Cu-O-H
bend in
order to show such a marked difference in its effect on the spectra of CuOH and
CuOD. We hesitate to make any definite assignments,
but note that one of the newly
discovered red systems (a triplet state) has an origin around 15 100 cm -‘. One quantum
in an O-H stretch would put this perturbing vibronic state just above the B’ A x stateprecisely the condition required to explain the large perturbations
affecting I& = 4-6
in CuOH.
Throughout
this paper, we have labeled the upper electronic state as B’A” based
on new evidence from the low-resolution
spectra we have recorded. In the course of
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FIG. 5. A plot of
two perturbations.
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measuring the green system, we scanned the monochromator with the laser on an ‘QS
line, and observed some structure further to the blue. This prompted us to take a lowresolution laser excitation spectrum of this region which revealed a series of sharp
features spaced by -2A, and one sharp feature midway between two of these at
19 040 cm -I. Such rotational subband structure is consistent with an assignment to
an ab hybrid band of an asymmetric top, and so we assign the band to the c’A’,? ‘A’ electronic transition. The (I?state lies close in energy to the g state. and we
therefore correlate these states with the in-plane and out-of-plane components of the
corresponding C’II state of CuF at 20 259 cm-’ (11. 12). We assign the k’A’-,? ‘.d’
transition to a new band seen in laser-induced fluorescence spectra centered at 638
nm with a parallel rotational contour. Work is in progress in analyzing this transition
at high resolution.
Some ab initio calculations on CuOH would be most helpful in interpreting the
electronic structure and in correlating the observed states to those of the isoelectronic
CuF molecule.
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