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The Near-Infrared Transition of CuCl Observed
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The near-infrared electronic transition of CuCl, occurring in the region of 745 nm, was recorded using intracavity lase
absorption spectroscopy. The (0, 0), (1, 1), and (2, 2) vibronic bands were analyzed, and from this the molecular constants
the two electronic states were derived. Originally assigned asA9 3S1–X1S1, we have confirmed that this transition does not
connect to the ground state, but occurs between two unknown excited states. The excited CuCl molecules were produced
a copper hollow cathode, operated using argon and a small amount of CCl4. Line positions were referenced to iodine spectra
observed from a heated extracavity cell using the broadband spectral output of the intracavity laser as the light source.© 2000
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INTRODUCTION

In 1974 Rao and Rao (1) reported a vibrational analysis o
violet-degraded, near-infrared electronic transition of CuC
13 500 cm21. Spectra from isotopically enriched CuCl (65Cu
and 37Cl) confirmed that the bands were due to CuCl. T
oncluded that the lower state of the near-infrared trans
robably was the ground state because of the similarity o
round state vibrational constants with the near-infrared l
tate vibrational constants. In 1984 Balfour and Ram (2) re-

ported a rotational analysis of the violet-degraded (0, 0
bronic band, using ground state rotational constants from
crowave spectroscopy (3). They assigned the near-infrar
CuCl transitions asA9 3S1–X1S1, by analogy with the re
a3S1–X1S1 transition of CuF (4), which also is violet-de
graded.

Results from excited state lifetime measurements of
formerly so-calledA1P state at 18 995 cm21 (not to be con
fused with the newly labeledA1P state lying at T0 5
22 958.5 cm21; see below) of CuCl (5) andab initio calcula-
tions (6–9), however, have led to questions about the e
tronic state assignments of the visible and near-infrared b
of CuCl. First, the lifetime of the originalA1P state is found t
be about 60ms (5), which does not match the calcula
lifetime of any 1P state but rather matches the calcula
lifetime of the lowest3S1

1 state (7). Second, theoretical calc
lations place the electronic energy of the lowest lying3S1 state
at more than 17 500 cm21 (6–9), which more closely match
the energy of the originalA1P state (10) than the reporte
energy for theA9 3S1 state (2). This evidence has led
speculations that the expected low-lying3S1 state is not theA9
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tate as originally believed, but rather is the originalA state
ncorrectly assigned as a1P state in former studies (5–9). This
would imply that the near-infrared bands are misassigned
do not connect to the ground state.

The visible transitions of CuCl have been the subject
recent review by Parekunnelet al. (11). The review contains
reanalysis of the transitions with the new assignments bas
high-levelab initio calculations (6–9); all of the visible tran
sitions are reassigned in the paper. Parekunnelet al. report, in
agreement with theab initio calculations, that the first excit

lectronic state (formerly theA1P state) is ofa3S1 symmetry
ith the V 5 1 component lying at about 19 000 cm21.
Certainly only one low-lying3S1 state of CuCl should exi

(6–9), thus the electronic assignment of the near-infrared
at 13 500 cm21 is questioned. Previously, part of the prob
in making a definitive assignment for the near-infrared b
has been the inability of several groups to reproduce
near-infrared emission, either to determine the excited
lifetime (5) or to record the spectrum at higher resolution (12).
We have used intracavity laser absorption spectroscop
record the near-infrared absorption spectrum of CuCl at
pler-limited resolution.

EXPERIMENTAL DETAILS

Spectra are acquired using a copper hollow cathode
tained within the resonator of an intracavity laser spectrom
(ILS) that is based on a Ti:sapphire laser. A schematic o
system is provided in Fig. 1. The spectrometer is fully
scribed by Kalmar and O’Brien (13). A briefer coverage fo
lows.

Quantitatively accurate, spectral information for an absdu.
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101NEAR-INFRARED TRANSITION OF CuCl OBSERVED BY ILS
ing species in an ILS experiment can be obtained from
time-modulated operation of a homogeneously broadban
ser. When the spectral output of a laser operated in this m
is examined with a high-resolution spectrograph, absor
lines of an intracavity species appear superimposed o
spectrally broadband output of the laser. By delaying
observation of the spectral output for a period of time (;100
ms–1 ms) after the onset of laser operation, very high dete
sensitivities can be achieved. The time period is termed
generation time,t g. Enhancement ratios greater than 106 have
been observed. A specially configured dye laser was us
attaining the highest sensitivity achieved so far; the co
sponding effective path length was 70 000 km (14).

The observed transmittance,I obs(n), at a particular frequenc
n, is related tot g via the equation:

I obs~n! 5 I 0~n!exp@2s~n! N~l /L!ctg#. [1]

In this equation,I 0(n) is the intensity of the laser in the abse
of absorption and indicates the 100% transmittance level,s(n)
is the absorption cross section,N is the number density for th
ntracavity absorber,l /L is the fraction of the laser cavity
lengthL occupied by the absorber, andc is the speed of ligh
The combination (l /L) z c z t g represents the effective abso

FIG. 1. Schematic diagram for the intracavity laser spectrometer. AO5
coupler.
Copyright © 2000 by
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tion path length, so Eq. [1] expresses the Beer–Lambert
tionship for ILS.

The standing wave, four mirror (HR, FM, FM, OC in Fig.
Ti:sapphire laser is pumped by all visible lines of an argon
laser. Spectra are obtained at a specific generation time b
sequential operation of two acousto-optic modulators, AO
and AOM2. Modulated operation of AOM1 causes the pu
power directed into the laser crystal (Crystal Systems) t
alternatively above and below the threshold value require
laser operation. Activation of AOM2 diverts;70% of the
Ti:sapphire laser output into a high-resolution spectrograp
a time period (;0.1 ms) much shorter thant g. Dispersed ligh
exciting the spectrograph is focused at a33 magnification ont
the 1024 channels of a diode-array detector. The seque
repeated at a 10-kHz rate. Spectral data are collected fo
accumulations of 0.6-s scan times using a multichannel
lyzer. Detector dark current data are subtracted from
acquired spectrum. Broadband tuning of the laser is ac
plished using two Brewster-angle prisms and a movable
effected by coordinated operation of two micrometers.
illustrated in Fig. 1, the resonator of the laser is isolated
the atmosphere to avoid atmospheric contributions to th
sorption spectrum.

The plasma discharge is formed in a 1-in.-long cop

ousto-optic modulator; HR5 high reflector; FM5 fold mirror; OC5 output
Mac
Academic Press
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102 O’BRIEN, CAO, AND O’BRIEN
hollow cathode from a flow of CCl4 and Ar support gas. Argo
is admitted at a rate of 10 sccm as fixed by a mass
controller (MKS Model 247C). Restricted flow of vapor due
a needle valve at the inlet to the CCl4 reservoir and a throttle
flow of gas to the mechanical pump enable a pressu
approximately 25 mTorr of CCl4 to be maintained at a tot
chamber pressure of 1.45 Torr. Pressures are measure
10-Torr capacitance manometer. The water-cooled ho
cathode is powered by an ENI DCG-100 DC Plasma gene
which serves as a digital power supply. It is operated at 7
only for a brief period of time during the acquisition of Cu
spectra. Acquisition is initiated after the discharge curren
decreased and stabilized to 0.5 A (about 10 s). Immedi
following the acquisition of the spectrum obtained with
plasma operating, a background spectrum is obtained
identical conditions except that the voltage is switched off
the current is 0.0 A. Division of the two dark current correc
spectra yields the spectrum of the plasma species.

Spectra are recorded as a series of overlapping,;5-cm21-
ide, spectral profiles. In this case, calibration is accompli
y alternatively measuring the spectrum of the intraca
lasma species and an I2 absorption spectrum (e.g., see Fig
ecorded from a 0.75-m-long extracavity cell. In the latter c

FIG. 2. The bandhead region of the (0, 0) band of the near-infr
spectrum of65Cu35Cl. The corresponding I2 calibration spectrum is shown
the bottom panel.
Copyright © 2000 by
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the ILS spectral output serves as the broadband spectral s
the I2 spectrum is obtained by dividing the spectrum obta
with I 2 present in the external cell with that obtained whe2
is absent from the cell. The widely used Iodine Atlas (15, 16)
is used as calibration source. To correct for small chang
the dispersion (#1.7%) of the spectrum across the diode ar
spectra recorded from a 10-mm-thick e´talon provide a sourc
of equally spaced fringes. Peak positions (absorption peak
fringe positions) are determined from the zero-crossing p
of the first derivative spectra using Savitzky–Golay polyno
smoothing. This procedure enables positions to be determ
with an accuracy of better than 0.002 cm21.

The intracavity compartment was not optimized for
hollow cathode (achieved by minimizingL with respect tol ).
However, as illustrated in the figures, spectra of good S/N
observed. Assuming the CuCl species are only observed
the hollow cathode, an effective path length of 0.28 km
obtained for at g value of 80ms. Tg values from 80 to 160ms
were employed. The hollow cathode is identical in geomet
the form used for observing emission in high-resolution
measurements such as those made at the National Sola
servatory at Kitt Peak, Arizona.

FIG. 3. A portion of R branch of the (0, 0) band of the near-infra
spectrum of65Cu35Cl. The bottom panel shows the corresponding I2 calibration
pectrum.
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103NEAR-INFRARED TRANSITION OF CuCl OBSERVED BY ILS
RESULTS AND DISCUSSION

The near-infrared transition of CuCl was recorded f
13 450 to 13 750 cm21. The (0, 0), (1, 1), and (2, 2) bands w
observed with rotational resolution. As shown in Fig. 2,
spectrum of the (0, 0) band is degraded to the violet with
bandhead occurring at relatively highJ ( J . 80). Onestrong
P branch (see Fig. 2) and one strongR branch (see Fig. 3) we

TABLE 1
Comparison of Calculated D*0 and D(0 Val-

ues for Several Possible Rotational Assign-
ments with the D*0 and D(0 Values Predicted
by the Kratzer Relationship (in cm21)

FIG. 4. The bandhead region of the (1, 1) band of the near-infr
spectrum of65Cu35Cl. Shown in the bottom panel is the correspondin2
calibration spectrum.
Copyright © 2000 by
e
e

readily identified in each band. Peak positions for the (0
band compare moderately well with those from the prev
high-resolution analysis (2). The slight deviations in the pe
positions (60.08 cm21) are probably due to the poorer pre
sion and accuracy of the spectrograph used in the pre
work.

There are two copper isotopes63Cu and65Cu at 69.17 an
30.83% abundance, respectively, and two chlorine isot
35Cl and 37Cl at 75.77 and 24.23% abundance (17), respec
ively. Thus four CuCl isotopomers are possible:63Cu35Cl
(52.41%),63Cu37Cl (23.36%),65Cu35Cl (16.76%), and65Cu37Cl
(7.47%). Absorption peaks due to the63Cu35Cl and 63Cu37Cl
isotopomers are easily identified in Fig. 3, whereas the p
associated with the65Cu35Cl and 65Cu37Cl molecules are wea
and are hidden by overlap with other stronger peaks. Onl
63Cu35Cl peak positions were used in the final fit.

Initially, we attempted to determine if the transition did
did not) involve theX1S1 ground electronic state. Using t
63Cu35Cl microwave constants (18) to calculate the energ
levels of the ground state, we determined the ground stateDF 2

values (19) and concluded that the transitiondoes notinvolve
he ground state. From the structure of the electronic trans
one strongP branch and one strongR branch), we determine
hat the transition hasDV 5 0 symmetry. NoQ branch wa
dentifiable in any of the vibronic bands. We have fit the ba
s Hund’s case (c),V 5 0 states. However, some we
tructure was observed near the origin area (and througho
ntire spectrum) which may or may not be due to this e

ronic transition of CuCl, so the symmetry of the electro
tates is not definitive.
The (0, 0), (1, 1), and (2, 2) bands were initially fitted b

y band to the standard energy level expression for anV 5 0
tate (19) to produce a set of molecular constants for e
ibronic level. Several possible rotational assignments
onsidered since lowJ lines were not observed. For ea

TABLE 2
Molecular Constants (in cm21) for the
Near-Infrared Transition of 63Cu35Cl

Note.One standard deviation given in parentheses. TheH0 values were to
egligible to be determined by the fitting process.

d
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104 O’BRIEN, CAO, AND O’BRIEN
possible assignment, the rotational constants were note
the final assignment was determined when the centri
distortion constants,D v9 and D v0, for the fitted lines wer
consistent with the centrifugal distortion constants predicte
the Kratzer relationship (19). The fittedD90 andD 00 values fo
several possible rotational assignments are given in Ta
and the values predicted by the Kratzer relationship are
sented in Table 1 for comparison. With respect to the orig
assignment by Balfour and Ram (2), the final rotational assig
ments are shifted by13 in the R branch and23 in the P
branch (hence the “R3” label for the rotational assignmen

TAB
Line Positions, Assignments, and Residuals for the

and (3c) (2, 2) Vibronic Band of the
Copyright © 2000 by
nd
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y

1
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portion of the (1, 1) vibronic band near the bandhead is sh
in Fig. 4.

Since only the (0, 0), (1, 1), and (2, 2) bands were reco
the vibrational constants could not be determined directly
our data alone. The vibrational constants were obtained i
following manner. Using the rotational constants forv9 5 1
and v0 5 0, the exactJ0 value for the (1, 0) bandhead w
determined,J0 5 125. TheP(124), P(125), andP(126)
lines of the (1, 0) band were fitted to the bandhead pos
given by Rao and Rao (1). This yields a ground state vibr
tional frequency limited only by the accuracy of their sp

3
a) (0, 0) Vibronic Band, (3b) (1, 1) Vibronic Band,
ear-Infrared Transition of 63Cu35Cl
LE
(3
N
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105NEAR-INFRARED TRANSITION OF CuCl OBSERVED BY ILS
trometer,;0.4 cm21. This same procedure was used also
the (2, 1) band.

A combined fit of all three vibronic bands of the ne
infrared electronic transition of CuCl produced a set of
molecular constants, which are presented in Table 2.
average uncertainty of the individual rotational lines as d
mined from the standard deviation of the fit is 0.005 cm21,
which is consistent with the estimated measurement accu

TABLE 3
Copyright © 2000 by
r

1
he
r-

cy.

The observed rotational lines, assignments, and fit residua
presented in Table 3.

The data were also fitted in a nonlinear least-squares
gram that incorporated Dunham-type vibronic energy exp
sions (20). The 14 Dunham-type constants required to fit
data are presented in Table 4. Literature values are pres
also in Table 4 for comparison. Significant differences from
values determined by Rao and Rao (1) are observed. In the

ontinued
—C
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106 O’BRIEN, CAO, AND O’BRIEN
vibrational analysis, only bandheads were used. Howeve
though the rotational constants of the two electronic state
very close in value, the centrifugal distortion constants are
different, consequently there is considerable change inJ
value of theP branch at each bandhead. For example, th

) bandhead is atP(;100); the (1, 1)bandhead is atP(;85);
he (2, 2) bandhead is atP(;70); the (1, 0)bandhead is a
(;125), and the (2, 1)bandhead is atP(;107). This also

explains the lack of data for theDv 5 2 progression (1): based
on the molecular constants, the (2, 0) band does not fo
bandhead. The bands of the next sequence,Dv 5 3, are
expected to be red-degraded, and these bands may acco

TABLE 3
Copyright © 2000 by
al-
re
ry

0,

a

t for

some of the unidentified bands observed in the red regio
Rao (10).

We have considered all the known electronic states for C
as possible states involved in the near-infrared transitio
comparison of selected molecular constants of the known
tronic states of CuCl is given in Table 5. The molec
constants of the two states involved in the near-infrared
sition clearly do not match any of the constants of the kn
electronic states. Although it is possible that the lower sta
the near-infrared bands might be thea3S 0

1 state, it is unlikely
that the molecular constants of thea3S 0

1 and a3S 1
1 compo-

nents would have such different molecular constants. In

ontinued
—C
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107NEAR-INFRARED TRANSITION OF CuCl OBSERVED BY ILS
tion, there are no known or predicted electronic states
32 263 cm21 (9).

It is informative to look at the information available on
electronic structure of CuCl. The ground state ha
Cu1(3d10)Cl2(3p6) electronic configuration, and all the p
viously observed excited electronic states (between 19 00
26 000 cm21) arise from the Cu1(3d94s1)Cl2(3p6) electronic
onfiguration (6–9). The excited state term energies comp
ell with the Cu1 atomic excited state term energies furt

supporting this model of the bonding; the excited Cu1(3d94s1)
atomic 3D and 1D states are located 23 000 and 26 000 c21

above the ground state (21). Recentab initio calculations hav
tudied the excited “neutral” Cu(3d104s1)Cl(3p5) states (9).

The neutral states are calculated to be 45 000–55 00021

above the ground state. However, these are expected to
significantly longer bond lengths than the ionic states (9), and
thus are not good candidates for states involved in the
infrared transition.

Based on the Cu1 atomic electronic transitions (21), numer-
us excited molecular electronic states of CuCl are anticip

o occur in the 60 000–75 000 cm21 region dominated by th
Cu1(3d94p1)Cl2(3p6) and Cu1(3d84s2)Cl2(3p6) electronic
configurations. Although it is simply speculative at this po
this manifold of electronic states could host the unkn
excited electronic states of the near-infrared transition.

CONCLUSIONS

The (0, 0), (1, 1), and (2, 2) vibronic bands of the n
infrared transition of CuCl were observed by intracavity la
absorption spectroscopy. A rotational analysis of these
bronic bands yielded new molecular constants for the
states involved in the near-infrared transition. Based on
molecular constants, this transition does not connect to

TABLE 4
Dunham-type Molecular Constants for the Near-Infrared

Transition of 63Cu35Cl
Copyright © 2000 by
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X1S1 ground state, but occurs between two unknown ex
states.

More generally, intracavity laser absorption spectrosc
has been shown to be an effective technique for the acqui
of high-resolution, Doppler-limited spectra of gas-phase
cals.
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