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A New Electronic Band System of PbO

R. C. OLpENBORG,! C. R. DicksoN, AND R. N. Zare

Department of Chemistry, Columbia University, New York, New York 10027

The chemiluminescence spectrum of atomic Pb reacting with O; under single-collision
conditions includes a series of 55 bands in the regions 450-850 nm. A vibrational analysis is
obtained which shows emission is to the ground state of PbO from excited electronic states
not previously analyzed. Forty-nine of the bands are assigned to the a(1)-X(0*) transition
and the remaining six are tentatively identified as the forbidden #(0~)-X(0*) transition.
Both the @ and b states are believed to be Hund’s case (¢) components of the 3= states arising
from the configuration o*r*z*. The vibrational parameters of the g state are », = 16 029 =+ 8,
w’ = 478.7 £ 1.9, and wer,’ = 2.292 & 0.128 cm™!, where the uncertainties represent two
standard deviations of the least-squares fit. Emission is also observed from the PbO B state
produced in the reaction of metastable Pb atoms with O;. Using pulsed laser excitation, an
attempt is made to determine radiative lifetimes. We find for the PbO 4 (0*) state » = 3.74
=+ 0.3 usec, and for the PhO B(1) state 7 = 2.58 == 0.3 usec, while for the a(1) state = is
estimated to be greater than 10 usec. From the vibrational analysis, energy conservation
arguments place a lower limits to the ground state dissociation energy of D(PbO) > 3.74
=+ 0.03 eV (86.2 + 0.7 kcal/mole). For the Pb + O; reaction we find less than 1% of the
products are PbO* molecules that emit in the visible. Correlations are made with the low-lying
states of other Group IV chalconides based on the assignment of the PbO @ 32*(1) state and
the correspondence between the low-lying triplet states of PbO and CO.

I. INTRODUCTION

Radiative intercombination bands of the Group IV diatomic oxides, from CO to
PbO, have been the focus of many previous spectroscopic studies (7). The lowest-lying
molecular states arise from the molecular orbital configurations

o’mt, 13+, 6]
o*rir*, 33+ 87, 33— 13— 1A 1D 2
ortr*,  SIL, I, (3)

where the states are listed in order of increasing energy as predicted by simple molecular
orbital theory (2). Because the ¢ and = molecular orbitals are nearly isoenergetic for
these compounds, the o?r*r* and ox*z* configurations have comparable energies, causing
the molecular states arising from these configurations to be interleaved. Thus the longest
wavelength transitions of the Group IV monoxides are expected to be the intercombina-
tion bands *II,—X =+ and *2+-X 2+. For CO these are recognized as the Cameron and
the Hopfield-Birge band systems, respectively.
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Although the identification and ordering of the low-lying electronic states of CO are
well known (3), some confusion arises for the heavier Group IV monoxides. The origin
of this difficulty can be traced to two problems: (i) the relative ordering of the o?r’z*
and on'r* conﬁgurationS' and (ii) the tendency for Hund’s coupling case (c) to become
a lllUlC GPPLUPIIGLC ch\;lllJLlUll Wll,h uu,lcaalus BPIII_‘JlblL DPILLI—IIIB Uf Lhc GI'GU.P I‘V’
elements. Whereas the 3P ground state of the carbon atom is split into three multiplets,
3Py, 2Py, and 3P, separated by only 43 cm™, the 3P multiplets of lead are separated by
10 650 cm™. In going from carbon to lead, the increasing spin—orbit interaction causes
the intensity of the intercombination bands to grow by spoiling the spin quantum
number. Consequently, the identification of the low-lying electronic states of the heavier
diatomic Group IV chalconides (oxides, sulfides, selenides, and tellurides) and their
correlation with the electronic conﬁguration from which they arise has proved puzzling.

We reyuu. here the observation and a aua.x_y sis of a new intercombination band s ayau:lu
for the PbO molecule. On the basis of this work, we show that the 32+ state of the o?z®z*
configuration falls below the °II, state of the gris* configuration in going from CO to
PbO. This permits us to extend the systemization of the low-lying electronic states of
the Group IV chalconides, started by Barrow (4.

The earliest spectroscopic investigators of PbO were Lamprecht (5) and Eder and
Valenta (6), who observed band spectra by introducing lead chloride in a gas flame.

Grebe and Konen (7) excited similar bands using a carbon arc containing lead chloride.

+thal Q) ¢ tha
Cuuﬁxuxqtlun of PO as the \.uutt\d was first Ubl.a.lued b_y B}GGmenLuan \0) IIom wic

isotope shift resulting when the chloride of ordinary lead and lead derived from the
radioactive decay of uranium were introduced into a carbon arc. Subsequently, high-
resolution absorption studies of PbO have been carried out by Shawhan and Morgan
(9), Howell (10), Vago and Barrow (11), and Barrow, Deutsch, and Travis (12). These,
together with the high-resolution emission studies of Christy and Bloomenthal (13),
and Ram, Singh, and Upadhya (/4), have shown that there are at least six band sys-
tems of PbO above 200 nm, all of which terminate on the ground state. In the visible

ot —1
pGrt‘Gu uf the Sp""*"un’i thv lll\.lﬂt ku\.uuuu,xxb uuu.ds are th\, L2 Iv ) at ’T‘“ = 1.9 725 cm

and the B(1) at Tgo = 22 175 cm™, both of which have been rotationally analyzed. We
decided to apply the technique of beam-gas chemiluminescence (15) and laser-induced
fluorescence (I06) to the study of the low-lying excited state of PbO. We began this study
in hopes of gaining better characterizations of these states, and those of the other Group
IV chalconides.

II. EXPERIMENTAL DETAILS

The spectroscopic source, consisting of an atomic beam traversing a chamber filled
at low pressure with scattering gas, is fairly unusual in that the excited-state species
produced by chemical reaction undergo virtually no collisions before radiating. Conse-
quently, the appearance of the collisionally-unrelaxed chemiluminescence spectrum may
be markedly different from that obtained in an arc or a flame.

The beam-gas apparatus, called LABSTAR, has been described previously (15, 17).
A new beam source, constructed from a modified Astro Industries furnace, has been
incorporated into the apparatus (8). In this chamber a resistively heated tube surrounds

a crucible containing high-purity lead powder (99.99999,, Alfa-Ventron Corp.), gen-
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erating an effusive lead beam. Both the oven heater and crucible are constructed from
graphite because of its apparent inertness to molten lead. Oven temperatures, measured
with a W 5%, Re/W 269, Re thermocouple, are typically 1100 K corresponding to a
Pb vapor pressure of 0.1 Torr (19), The thermocouple outputs are fed into an Electro-
max C.A.T. controller (Leeds and Northrup) that regulates the heater current with a
pair of silicon-controlled rectifiers (SCR’s) which alternately fire at 60 Hz.

The lead beam passes through several collimating heat shields and enters a second
chamber, called the scattering chamber, containing ozone at typically 10~ Torr. The
pressure measurement is only approximate and represents the uncorrected reading of a
vacuum ionization gauge, located 40 cm from the reaction zone. The ozone is generated
with a Welsbach ozonizer and is adsorbed onto silica gel cooled to the temperature of
a dry ice and acetone slush. The chemiluminescence passes through a port window in the
side of the scattering chamber and is imaged (1:1) by a quartz lens on the entrance slits
of a 1 m Interactive Technology scanning spectrometer. A cooled photomultiplier
(RCA (31034, gallium arsenide 128 photocathode) is attached to the exit slits of the
spectrometer. The entire optical detection system is calibrated using an Optronic Lab-
oratories Model 245C standard lamp to provide absolute photon yields (20).

The LABSTAR apparatus has also been modified to permit laser-induced fluores-
cence studies. A 100 kW pulsed (AVCO) nitrogen laser is used to pump a noncirculating
dye solution. The dye laser cavity is formed by a 509, reflecting output mirror and a
600 groove/mm diffraction grating (Bausch and Lomb) operated near its blaze angle.
An intracavity 20 power telescope expands the laser beam to fill the grating and narrows
its bandwidth to approximately 0.1 nm. The dyes 7-diethylamino-4-methylcoumarin,
coumarin 102, and fluorescein disodium salt (~5 X 10~% M solution in ethanol) cover
the wavelength ranges of interest, 437490, 460-510, and 530-570 nm, respectively.
The dye laser pulsewidth is typically 5 nsec at 20 pps and each pulse contains several
microjoules of radiant energy.

The laser beam enters and exits the LABSTAR scattering chamber perpendicular
to the metal beam via two 50 cm light baffles. The fluorescence is observed perpendicular
to both the metal and laser beams with a photomultiplier tube (RCA 7265, S-20 photo-
cathode). Signals are processed using gated detection electronics. Two different boxcar
integrators are used for different aspects of this work. A PAR model 162 with model
164 plug-in is used to measure the radiative decay of the fluorescence signal. The boxcar
integrator and nitrogen laser are both triggered from a pulse generator and the opening
of the boxcar gate is scanned in time with a gate width of 200 nsec, corresponding to less
than 109, of the measured lifetime. A Keithley model 881 linear gate and model 882 scan
delay generator are used to obtain excitation spectra. Here the gate is opened with about
a 20 nsec delay (to avoid scattered laser light) and has a width of 2 usec.

We attempted to observe PbO fluorescence by exciting the ground state PbO products
formed in a chemical reaction of Pb with various oxidizer gases. However, the low con-
centration of PbO obtained by this means combined with the long radiative life times of
the PbO excited states prevented this measurement using present laser power levels.
Instead, we chose to generate a beam of PbO by heating PbO powder (Alfa-Ventron
Corp., 99.99, purity) in an alumina oven to a temperature range of 1100-1200 K.
Graphite ovens cannot be used in this case since they readily reduce the PbO to metallic
lead.
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Table 1. Measured PbO bandhead positions and vibrational assignments.

bandhead bandhead

position relative assignment obs.—calc.

fem™1}) intensity (v',v) {cm™1} remarks
21712 1 (13,0 -0.93 a
21643 1 [12,0] - a,b,e
21407 1 (14,1) —4.99 a
21289 1 (12,0 —4.86 a,b,d
21200 3 [11,0] - e
20993 1 (13,1) —4.50 a
20861 3 (11,0} -9.19 a
20788 1 10,0} - e
20573 1 (12,1} ~5.42
20435 5 {10,0) -6.94
20354 1 [ 9,0 - e
20149 2 (11,1) -5.75
20008 8 { 9,0 =111
19923 1 [ 8,0] - e
19726 1 {10,1) ~0.50
19572 9 ( 8,0) 0.30
19453 1 (11,2) 6.16
18130 10 (7,00 0.30
19014 1 (10,2) —4.60
18754 1 {11,3) 753
18679 10 { 6,0 -4.11
18586 2 (92 0.23
18410 1 (2,1 —4.26 a
18323 1 (10,3} 478 a
18236 7 ( 5,0 4,06
18157 2 { 82) 8.65
17969 3 { 6,1) 133
17778 6 ( 4,0 1.81
17710 1 { 7,2) 3.65
17521 6 { 5,1) 450
17319 3 { 3.0 3.14
17200 1 [ 20] - ae
17060 7 (4,1 —0.756 b
16846 1 (2,0 -4.93
16599 7 { 3.1 -1.42 b, c
16352 1 (42 -0.85
16141 4 {21 5.50 a

III. CHEMILUMINESCENT SPECTRUM

Figure 1 shows the lead plus ozone chemiluminescent spectrum under low resolution
(0.5 nm). There are two distinct molecular features, both of which are attributable to
the PbO emitter. The relative intensities of these features change during the length of a
run (2-3 hr) and with experimental conditions. Between 370 and 450 nm is a band sys-
tem believed to be the PbO B — X, but which is too poorly resolved to be spectrally
analyzed. Between 450 and 850 nm is a series of sharp red-degraded bandheads which
are vibrationally analyzed below. Although the bandheads are clearly separated, rota-
tional structure is only apparent at high rotational levels because of the low resolution
employed.

A total of 55 bandhead positions have been measured for the longer wavelength
molecular feature and are listed in Table I. A comparison of the bandhead positions with
those reported in the literature shows that only some of the weaker bands could possibly
belong to the A-X or B-X systems. However, seven of the stronger bandheads, indi-
cated in Table I, correspond to bandheads previously observed by Lamprecht (5),
Eder and Valenta (6), or Bloomenthal (&), but reported as unidentified.

The positions of 49 bandheads, including those we originally considered as possibly
belonging to the A-X and B-X systems, can be fitted into a Deslandres table, yielding
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Table 1. (continued, p. 2)

bandhead bandhead

position relative assignment obs.—calc.

{em™1) intensity {v' v} {em~—1) remarks
165893 4 {32 0.49 b, c
15645 2 { 43 ~7.47 a
15422 6 {22 -5.59 b,d
15199 1 (3.3 6.86
14961 4 (1,2) 291 b.d
14724 3 (23 -3.21
14508 1 {34 8,7
14251 3 (1.3 —6.71
14044 1 ( 2.4 9.63 E
13818 1 {35 4.02
13780 2 (03 -3.63
13561 1 (14) -3.87
13089 1 (04 -1.78
12933 1 (47 6.71 a
12672 1 ( 2,6) 0.72
12400 1 (0.5 -5.47
12004 1 (27} 297 a
11720 1 {08 ~7.69 a

a Position less certain due to [ow intensity or overlapping bandheads.
b Observed aiso by Eder and Valenta but reported as unidentified (8).
€ Observed also by Lamprecht but reported as unidentified {8},

d Observed also by Bloomenthal but reported as unidentified (8).

€ Tentative assignment, b—X band systam, see text.

vibrational quantum number assignments. Table II presents the Deslandres table
where the numbers indicate the relative band intensities, uncorrected for detector
response. Note how the intensity pattern follows the expected Franck—Condon
distribution.

Assuming that the head is close to the band origin, the formula that gives the position
of the bandheads is

v =+ 0/ (V+ 3) — o/ (V' + 1) — 0/ (0" + 3) + o (" + 3%, (@)

where the symbols have their traditional meanings (21). The positions of the 49 heads
were fit to Eq. (4) by the method of least squares. Figure 2 shows a portion of the PbO
chemiluminescent spectrum taken under the same conditions as Fig. 1 but with a slower
scan speed. The (7, 0) and (8, 0) bands are clearly apparent while the (10, 2) and (11, 2)

1 1 1 i L L 1 1

700 600 500 400nm

F16. 1. The chemiluminescent spectrum of PbO from the reaction of atomic Pb with Oz (0.5 nm
resolution).
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TABLE II
DESLANDRES TABLE OF Pb0O o-X BAND INTENSITIES

v o L 2z 3 a4 5 & 7
v‘l

0 2
0 43

2 | 14 6 3 o
3 3 7 a4 0

a & 7 1 2 1
5t 7 s

s | 0 3

7 T

8! ] 2

81 8 2

10| I

il 3 2 1 1

|zL Co

13 (|

|4( |

L

!
j
]
i
!
;
!
i
B

bands are much less pronounced. Since the positions of the more intense bandheads can
be more accurately measured, weights were assigned proportional to the relative in-
tensities in the fitting procedure. The derived constants together with twice their
standard error estimates, corresponding to a 90%, confidence limit, are listed in Table
III. In Table I we also present the differences between the observed and calculated
positions. All calculated positions agree to within 10 cn of the experimental values.

Table TIT also lists vibrational constants and term values derived by Bloomenthal
(8) from a bandhead analysis of the PbO A-X and B-X bands observed in emission.
The values of w,”” and w.x,”” agree with those from our analysis to well within one stan-
dard error. This proves that the emitter is the diatomic molecule PbO and that the
emission terminates on the ground state. Although the values of w,’ and wex,” are similar
to those of the 4 and B states, we are clearly observing a new electronic state that lies
below the 4 state, hereafter called the g state.

(10,2} {701 {123 {8,0)
|
o |

4

\/\A M 1

aul L
i 1 L i
520 510nm

F16. 2, Enlargement of a small portion of the chemiluminescent spectrum of PbO showing several
a—~X bandheads (0.5 nm resolution).
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TABLE II
PbO VIBRATIONAL CONSTANTS (cm™')

state Yy wy weXe

X s} 7229+28  3766:0-400
This
Work

[ 1602948 4787419 2292:028

X o] 7223 373 \

A 198633 4517 333 Ref. {8)

B 222898 4963 2-33 /

Six bandheads remain that do not belong to any analyzed PbO band system including
the new a—X system. Although a reliable analysis cannot be accomplished with so little
data, certain conclusions can be inferred. The six bands appear to belong to a single v’
progression with spacings comparable to the separation between vibrational levels of
the g state. This strongly suggests that the bands belong to another electronic state,
hereafter called the b state, lying near the a state and having approximately the same
shape, and hence similar vibrational constants. With this assumption, we can assign the
v’ numbering to &1 unit. We further specuiate that the six bands might belong to the
(v, 0) progression in the b state, since the corresponding (', 0) progression in the a state
is the most intense. This would place the b state at 350 4 430 cm™ above the a state,
where the error estimate reflects the uncertainty in the ¢ quantum number assignment.
However, a comparison of the intensities of the (v/, 0) &-X bands with the corresponding
(+/, 0) a—X bands shows that the emission from the b state is very weak but does not
follow the distribution predicted simply from the Franck—Condon principle. This may
imply that the above reasoning about the vibrational numbering is incorrect or that
the intensity is derived largely from perturbations.

IV. RADIATIVE LIFETIMES

Some information on the radiative lifetimes of the ¢ and & states can be deduced from
the intensity of the chemiluminescence. Figure 3 is a photograph of the reaction zone
showing the chemiluminescence, which assumes the shape of the lead beam. The lead
beam is narrow and well defined (see Experimental section). If the lifetime of the PbO
emitter is long, excited molecules travel outside the beam before radiating, and the
chemiluminescence appears diffuse. This diffuseness is apparent in the Pb + Os chemi-
luminescence (see Fig. 3) and permits us to estimate that the radiative lifetime of the
PbO ¢ state must be greater than several microseconds.

Emission from the PbO b state is much weaker than that of the a state (see Table I).
This implies that either the & state is not populated to the same extent as the a state

Ler ¢ DL I N annndlon et BV bonmaléine abwnmatl h cvmnaollaw ¢ham +he ~ YV
U_y LIC I'D T U3 1calllull, Ul LT VA Llalldliuoln ELICIIBLII 15 ULl sillalicl Lilall uic 4—Aa .

We favor the second interpretation since the ¢ and b states are so close in energy and
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F1c. 3. Photograph of the PbO chemiluminescence in the scattering chamber. The metal beam verti-
cally enters the chamber through a 1 cm hole.

since there are no apparent symmetry restrictions on the reaction. Thus we believe that
the radiative lifetime of the b state is much longer than that of the ¢ state.

The above arguments are indirect. In order to obtain quantitative information on the
radiative lifetimes of the PbO ¢ and b states, we attempted to observe the direct decay
of their fluorescence signal following excitation of a PbO beam by a pulsed tunable dye
laser {22). Unfortunately, fluorescence signals proved to be too weak to permit a life-

RY)

T M T T
470 460 450nm
Fi6. 4. Portion of the fluorescence excitation spectrum of a PbO beam showing bandheads of the
PbO B-X system (0.1 nm resolution).
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Fi16. 5. Semilograthmic plot of the relative fluorescence intensity of PbO vs time. The circles represent
data for the A state (v' = 2 level) and the triangles represent the combined data for the B state (v/= 0
and 1 levels). The circles and triangles are the average values for approximately 100 laser shots and the
error bars indicate the scatter.

time determination when the laser is tuned to the a-X and #-X absorption bands, but
we have obtained the radiative lifetimes of the PbO 4 and B states.

Figure 4 shows a typical PbO fluorescence excitation spectrum when a thermal beam
of PbO is excited in the spectral range 445-470 nm. The bandheads of the PbO B-X
system are readily identified. Similarly, the bandheads of the PhO A-X system are also
found when the laser is scanned in the spectral range 460-510 nm.

Figura § chaws a gemilagarithmic nlat af the fluareccence infangity varsig
L 15 ULG JJ J11vyYYD D\,Lu.lluscbl.lblllljlb l.lel. UL IV LIUQULILVOULLLILL LI LuILID) L_y YUioud

both the PbO A and B states. The PbO A state is excited by pumping of the (2, 0) band,
while the data for the PbO B state represent excitation of both the (0, 1) and (1, 1)
bands, since fits to the individual bands are identical to within experimental error. Each
point in Fig. 5 represents the average of roughly 100 laser shots and the error bars indi-
cate the scatter. We find

mo for
1Te 0T

PbO Ao = 2, r = 3.75 = 0.3 usec; (3)
PO Bv =0, 1, 7 = 2.58 & 0.3 psec. (6)
20}
-
g IoF
~
0-0L— 1 L L L ]
80 85 90
17T (oK x107%)

F1G. 6. Piot of the logarithm of the chemiluminescent intensity for the (6, 0) band of the PbO a-X
system vs the reciprocal of the lead oven temperature.
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The uncertainties in the lifetimes are primarily caused by statistical noise in the small
number of photons collected per laser shot. Note that the lifetimes represent all radiative
loss processes, including possible transitions to states other than the ground state.
Because these relatively long lifetimes are measured at ultralow pressures under colli-
sion-free conditions, these values should not be impaired by systematic errors resulting
from radiation trapping, quenching, and energy transfer.

Although there appears to be no previous measurement of the radiative lifetime of the
PbO 4 state, Johnson (23) reports in his thesis that the radiative lifetime of the PbO B
state is 1.5 & 0.3 usec. The PbO is generated by reacting Pb atoms in a N, carrier gas
with discharged O.. Direct lifetime measurements with a tunable dye laser were made
in the pressure range 1.8-20 Torr. Surprisingly, no difference could be detected in the
measured lifetime as a function of pressure, and consequently, no Stern—Volmer plots
were made. We believe that quenching by the N, carrier gas may nevertheless account
for the shorter lifetime value reported.

A very weak fluorescence signal, at least an order of magnitude weaker than the
PbO A4 or B state fluorescence, is detected in the spectral region, 530~570 nm, of the
a—X absorption bands, but the intensity is not sufficient to measure a lifetime directly.
It should be appreciated that the intensity of the fluorescence signal per unit time
interval decreases approximately as the square of the lifetime since the excitation is
weaker and the emission per unit time interval is reduced. We estimate from the strength
of the fluorescence that the a state lifetime must be 10 usec or longer.

V. REACTION KINETICS

The PbO a state is populated by the bimolecular reaction between ground state lead
atoms and ozone:

Pb(*Pg) + O3 — PbO*(a 3=+) + O.. N

The order of the reaction with respect to the metallic species is determined by studying
the chemiluminescence intensity as a function of oven temperature. Figure 6 shows a
plot of the logarithm of the intensity versus the reciprocal of the oven temperature.
The data points are satisfactorily fit by a straight line whose slope represents the sum
of the heat of vaporization of the participating metallic species and the activation energy
of the reaction (15). The value we obtain, 46.0 & 0.7 kcal/mole, closely approximates
the heat of vaporization of atomic lead (19). Thus, we conclude that (i) the chemi-
luminescence is first order in ground state Pb, with no dependence on other beam com-
ponents such as Pb,, and (ii) the activation energy of reaction (7) is small.

The reaction order with respect to ozone is determined by fitting the chemiluminescent
intensity as a function of ozone pressure p to the expression " exp (—ap), where # is
the reaction order and « is the attenuation factor. The linearity of the chemiluminescent
intensity with ozone pressure at low pressures (<10~* Torr) demonstrates that the
reaction is first order in ozone.

The factor exp (—ap) corrects for the attenuation of the metal beam which occurs
prior to its crossing the observation zone of the spectrometer. At higher pressures, this
factor becomes significant and permits a determination of a. The value of & together
with the attenuation path length yields a phenomenological cross section of 135 == 30 A2
for the removal of metal atoms from the beam. Since elastic scattering cross sections
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are much smaller, we attribute this cross section primarily to all reactive processes.
However, the absolute photon yield measurements indicate that approximately only
one reactive collision in several hundred yields a PbO a state product. Hence, the vast
majority of the Pb <4 Qs reactions yield “dark” products, and we are studying the
chemiluminescence from a rather rare bimolecular collision process, made possible by
the sensitivity of this technique.

It cannot be assumed that the other molecular feature in the chemiluminescent
spectrum, the PbO B-X band system, is also produced in reaction (7), since the relative
intensities of these two distinct features change with experiment conditions. Therefore,
the dependence on reaction conditions for this feature was also studied. The chemilumi-
nescent intensity is first order in ozone pressure but varies strangely with changes in
oven temperature. For example, over certain temperature ranges, the intensity actually
decreases with increasing oven temperature. It was found that the PbO B — X chemi-
luminescence signal has a large AC component that closely follows the 60 Hz output
of the SCR’s in the oven heater circuit. The thermal time constant of the oven is much
too long for the temperature to be following rapid current fluctuations, and no such AC
component is found in the a — X chemiluminescence. We conclude that a minor dis-
charge must be occurring near the oven, exciting some of the Pb atoms to the metastable
8Py or 3P, levels, and that it is the bimolecular reaction of these metastables with O;
which is responsible for the PbO B — X chemiluminescence feature. This reaction does
not appear to produce significant amounts of the PbO ¢ state, although this process is
energetically feasible. We have no explanation at present for this apparent reaction
preference.

VI. DISSOCIATION ENERGY

Golomb and Best (24) report that sunlight-induced PbO fluorescence is seen when
tetraethyl lead is released in the upper atmosphere. The persistence for more than 100
sec of the PbO fluorescence indicates that PhO is not readily reduced by O, t.e., PbO + O
- Pb + O,. This observation can be explained by assuming that the PbO + O reaction
is slow either on thermodynamic or kinetic grounds. The former possibility has stimu-
lated a reinvestigation of the value of D?(PbO).

The most reliable value of the PbO ground state dissociation energy has been pro-
vided by Drowart, Colin, and Exsteen (25) through the mass spectrometric study of
the vaporization of lead monoxide. They find DP(PbO) = 3.83 & 0.05 ¢V (884 1.4
kcal/mole). By examining the spectroscopic data for the PbO £ state and assuming
that its dissociation products correlate with Pb(3P;) + O(3Py), they also place a lower
bound of Df{Pb0) > 3.87 eV.

It is possible to apply energy conservation arguments and derive from the collisionally
unrelaxed chemiluminescence spectrum an independent lower bound on D*(PbO) (26).
For reaction (7) we obtain the inequality

DP(Pb0) > DP(0:-0) + Eine(PbO) — Eint(Pb) — Eins(0s) — Eirans’,  (8)

where Eiq is the internal energy and Eians® is the initial relative translational energy,
measured in the center-of-mass reference frame. The inequality is the result of having
neglected the internal energy of the O, product and the final relative translational energy
of the products.
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The dissociation energy of O is taken to be DP{0,—0) = 1.05 & 0.02 eV (26). The
value of Bt (PbO) is calculated to be 2.788 + 0.012 eV, using the highest vibrational
level observed in the PbO o state, v’ = 14. Here the uncertainty represents three stan-
dard deviations of our least-squares fit. The value of E;,(O3) is calculated to be 0.039 eV
at T = 300 K, where we consider only the average rotational energy (3RT) and regard
the vibrational excitation as negligible. We estimate i (Pb) = 0 since the multiplet
splitting of Ph 3P is so large compared to thermal energies. Finally, the initial relative
translational energy is estimated (22) to be Eians’® = 0.059 eV, where the temperature
of the Pb is taken as 1106 K.

With these values, Eq. (3) yields

DPS(PbO) 2 3.740 = 0.032 eV, 9

This is in good agreement with the value found by Drowart ¢f al., which demonstrates
once again that dissociation energies derived from chemiluminescence studies under
single-collision conditions are reliable when a vibrational analysis can be performed.

The ground state dissociation energy of Oy is Do®(03) = 5.12 eV. Thus the PbO+ O
~> Pb 4+ O, reaction is exothermic and cannot be slow on thermodynamic grounds.
Moreover, this reaction obeys spin conservation, where PbO('Z) + O(*P) reacts on a
triplet surface which correlates with Pb(®P) + 0O.(32,7). However, the PbO-0O inter-
mediate must also be a triplet, which lies above the singlet ground state of PbO,. This
suggests that an activation energy causes the apparent slowness of the PbO 4+ O
reaction,

VIL. DISCUSSION

While this spectroscopic study is primarily devoted to the previously undetected
a(1)-X (0*) intercombination band system of PbO, the identification of this new upper
state permits us to extend the systemization of the low-lying electronic states of the
Group IV chalconides. The longest wavelength intercombination bands of CO are the
a*1~X 2+ Cameron bands and the o’ 3T+-X 1=+ Birge-Hopfield bands, where the
o/ 3T+ state at 6.86 eV is located above the g 311, state at 6.01 eV (3). This ordering of
the 32+ and ®1I, states is subject to change because these states arise from two different
molecular orbital configurations, ¢%*»%r* and en*r*, which are nearly isoenergetic. It
is interesting to consider this ordering for the isoelectronic series BF, CO, and N,. For
BF, having the electronic structure B=F+ (27), the a *II state lies about 4 ¢V below the
b 3%+ state; for CO, having the electronic structure C*~0%, this separation is reduced
to 0.85 eV ; whereas in N, the order is reversed, the 4 32,7 state lying about 1 eV below
the B 1, state (21). We note an apparent correlation between the ordering of the =
and o molecular orbitals and the sign of the dipole moment, as might be expected con-
sidering that these orbitals are localized on different atoms (28). The next member of
the Group IV oxides, silicon monoxide, has an electronic structure of the form SitO~
(29). Since the sign of the dipole moment is reversed from carbon monoxide, it is not
surprising to find that the experimental evidence places the 3=+ state 0.05 eV below the
311, state at 4.20 eV (30, 31). As we go to the oxides of the heavier Group IV elements,
the energy positions of both states fall in magnitude with the 32+ state expected to lie
increasingly lower than the I, state.
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Fi6. 7. Comparison of observed T values for the low-lying excited electronic states of the Group
IV oxides. Solid line segments connect states believed to have the same symmetry. The error bars predict
the location of the unanalyzed %11, state of GeO.

With increasing spin-orbit interaction for the heavier members of the Group IV
elements, a Hund’s case (¢) description of the oxides becomes more appropriate. The
case (@) and case (¢) states are readily correlated (21): The 1=+ state becomes O%; the
33+ state becomes 0~ and 1; and the *II, state becomes 0+, 0—, 1, and 2. In Hund’s case
{¢) only the 0+ and 1 states have electric dipole allowed transitions to the ground state
X =H0H).

Since the ¢ and b states observed in chemiluminescence are the lowest-lying PbO
excited states, we identify them as a *T+(1) and b %2+(0). The fact that the a state
radiative lifetime is relatively short compared to the & state is in accord with this
assignment, namely a(1) — X (0%) is allowed while 6(0~) — X (0*) is formally for-
bidden. The @ components of the ¥3Z+ state are expected to lie close together, as is the
case for the ¢ and b states.

The next-lowest states of PbO are the 4(0) and the B(1). We assign these states as
the @ = 0" and € = 1 components of the *II, state, as suggested by Barrow, Fry, and
Le Bargy (32). Since the on'r® configuration has a lone electron in the #* molecular
orbital, the spin-orbit splitting is expected to be regular, i.e., E[4 00" ] < E[B*I(1)].
Moreover, this splitting should be relatively large since it arises from the spin-orbit
interaction in a 311 state. The observed ordering and separation of the states is in agree-
ment with these predictions. Although the *II(0~) state has not been observed, the
rotational analysis of the B~X, C'-X, and D-X bands shows perturbations whose forms
suggest that they are caused by the 3II(2) state lying above the B 3II(1) state (12).

Figure 7 presents a comparative study of the Ty values for the lowest-lying elec-
tronic states of the diatomic Group IV oxides. Assuming a monotonic trend for the
energy levels throughout this homologous series, it should be possible to correlate states
of like symmetry. The correspondence between the PhO and CO states determines the
end points of this correlation diagram. Figure 7 suggests the location of these states for
the intermediate members of this series. Since some information is known about the
low-lying states for GeO and SnO, we can reexamine their symmetry assignments.
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The only GeO state within the energy region of interest was observed by Hager ¢f al .
(30) in the chemiluminescence from the reaction of germanium vapor with nitrous oxide
using a gas-phase flow reactor. A vibrational analysis locates the origin of the state as
T = 27 068 cm™. Emission from this state has also been observed in matrix-isolation
studies by Meyer et al. (33, 34) who deduce a gas-phase transition energy of Ty = 26 900
#: 200 e~ which is in good agreement with the chemiluminescence study. Tewari and
Mohan (35) found a band system between 460 and 510 nm in the emission from the
reaction of germanium vapor with air. They report a value of T = 20 914 cm™, but
their vibrational analysis is questionable. Their Deslandres scheme appears too diagonal
considering that the excited state potential minimum is expected to be at a larger inter-
nuclear distance than the ground state. Several of their bandheads appear to coincide
with those of Hager ef ol., and we believe they might be seeing a portion of the same
band system. '

Apart from the isotope splittings, the head structures of these bands are very similar
to those of the SiO ¢ 32+ — X '+ transition. This led Hager ef al. to assign these bands
as trangitions from the GeO ¢ *2* state. The fact that this is the only state seen in emis-
sion from matrix-isolated GeO indicates it is the lowest in the triplet manifold. There-
fore, the correlation diagram (Fig. 7) supports the & 3=*+(1) assignment.

There is some confusion in the literature as to the identification of the lowest-lying
excited state of SnO. The emission from a flame containing tin halides or metalic tin
was investigated by Joshi and Yamdagni (36), who report a Toe = 18 889 crn for the
lowest excited state. Felder and Fontijn (37) noted similar bands in the chemilumines-
cence from the gas-phase reaction of Sn with N0, but no reanalysis of the spectrum was
attempted. Recently, Linevsky and Carabetta (38) analyzed the emission from a SnCly/
H,/NO flame which is nearly identical to the chemiluminescence spectrum, but located
the lowest excited state of SnO at Tg = 20437 cm™. The positions of many of their
bandheads differ by only several angstroms from those seen by Joshi and Yamdagni,
and we therefore believe that all the previous investigators saw the same band system.
The spectrum of Linevsky and Carabetta is the most extensive and their vibrational
numbering is based on the measurement of the isotope shifts for the bandheads, making
their analysis the more reliable. Their value is also in reasonably good agreement with
the Tgo = 20 900 cm reported by Meyer, Smith, and Spitzer (34) and Smith and
Meyer (39) from the emission spectrum of matrix-isolated SnO. Since this is the lowest
excited state it should have 32+(1) symmetry. Linevsky and Carabetta found evidence
for Q branches on the vibrational bands, as would be expected for the 1 — O transition
to the ground state.

The next two higher states were measured at Too = 24 200 ey and Ty = 24 760
cm~ in the high-resolution absorption experiments of Deutsch and Barrow (40), who
identified the symmetries as O and 1, respectively, and assigned these states as A 3I1(0+)
and B *II(1). The correlation diagram (Fig. 7) supports this assignment.

These two states have also been observed by other workers, The 4 state has been
seen by Joshi and Yamdagni in their lame emission study and they found Top = 24 199
e, in excellent agreement with Deutsch and Barrow. Joshi and Yamdagni also
report a second state with Ty = 25 318 cm™, which is probably the B state. The 4 and
B states are also observed in chemiluminescence by Felder and Fontijn and in flame
emission by Linevsky and Carabetta, but no Ty values are reported in either study.
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The correlation diagram can be used to predict the location of the yet unanalyzed
1, state of GeQ. A dashed line is drawn in Fig. 7 connecting the locations of the *II,
state for SiO and SnO, and we expect the corresponding state of GeO to lie near this
line. This places its location at Tgy = 29 000 = 1000 cm?, as indicated in the figure.
Sharma and Padur (47) observed numerous GeQ emission bands between 300 and 500
nm from the reaction of GeH, with atomic oxygen. It is not obvious that all these
bands arise from the ¢ *Z*+ — X 1=+t transition, and some may well originate from the
311, state.?

Similar correlations can also be drawn among the low-lying excited states of the other
Group 1V chalconides. Figure 8 presents a comparative study of the Ty values for the
excited states of the lead chalconides. The values for PbS are taken from the extensive
gas-phase absorption study of Barrow, Fry, and Le Bargy (32). Recently, Teichman and
Nixon {42) observed emission originating in states with comparable Ty values from
matrix-isolated PbS upon excitation with an argon/krypton laser. Only sparse informa-
tion exists for PbSe, and values for this molecule are taken from the early gas-phase
absorption study of Walker, Straley, and Smith (43). Le Bargy and Barrow (44) have
analyzed the PhTe g state, while values for the higher-lying PbTe states are from Grove
and Ginsburg (45).

The correlation is quite straightforward because all the molecules are adequately
described by Hund’s case (¢) coupling. The line segments in Fig. 8 connect states be-
lieved to be of the same symmetry. Several important points can be drawn from this
figure. First, the correlation of the @ *Z+(1) state of PbO with the corresponding states

2 Emission from the GeO I, state has recently been observed in the chemiluminescent reaction of
Ge vapor with N:O by G. A. Capelle and J. M. Brom, Jr. (J. Chem. Pkys., to appear). Their analysis
locates this state at Teo = 31 883 cm™, which is slightly higher than our predicted value.
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of PbS and PbTe lends support to our analysis. Second, Fig. 8 predicts the location of
the yet-unanalyzed a state of PbhSe to be Tgy = 14 850 4= 500 cm™, as indicated in the
figure. Barrow (40) has informed us that Le Bargy found some weak PbSe absorption
bands in the region 6600 to 6950 A which he thought belonged to a system with Too
=~ 14 730 cm™, in excellent agreement with this prediction. Third, while the locations
of the *II, and 3=+ states fall in going from the oxide to the telluride, the decrease is
relatively small, which indicates the chalconide atom plays only a minor role in deter-
mining the energy of these states. In contrast, Fig. 7 shows a dramatic change in energy
of the monoxide states with the identity of the Group IV atom. Finally, Fig. 8 illustrates
that the separation of the € components of the %II, state, i.e., the A and B states, de-
creases for the lead chalconides in going from oxygen to tellurium. Since this splitting
is predominantly caused by the spin—orbit interaction in the lead atom, this implies
LIld,L LIIC 7|' CIELLI'()IHL LlCllblLy on L[ils atom UCLI'Cd,be Luruugu LIllb bC[le 01 muu':(.uu:b
Meyer, Smith, and Spitzer (34) have reached a similar conclusion for the oxides and
sulfides of Ge and Sn, namely their extended Hiickel calculations show that the »*
density on the metal atom is greater in the oxide than in the corresponding sulfide.

With the assignment of the symmetries of the g, 4, and B states of PbO, we are in a
position to discuss their different radiative lifetimes. In Hund’s case (a), transitions
from the 3Z+ and the *II, states to the X 'Z+ state can only occur to the extent that other
singlet states are mixed into the triplet states (intensity borrowing). As spin—orbit inter-
action increases, the extent to which these states mix also increases. Thus while the
a®Il, and @' *Z+ states of CO have extremely long lifetimes, the radiative lifetimes for
the corresponding states in PbO are considerably shortened. Although gas-phase
radiative lifetimes have not been measured for SiO, GeO, and SnO, the A state radiative
lifetime can be inferred from matrix-isolation lifetime studies. Meyer ef al. (34) estimate
for the A states of Si0, GeO, and SnO the lifetimes 48, 2.0, and 0.33 msec, respectively.
Our gas-phase lifetime value of 3.75 usec for the PbO A4 state and 2.58 psec for the PbO B
state follows the expected trend to shorter lifetimes.

From first-order perturbation theory, the transition probability (and therefore the
reciprocal of the radiative lifetime) is proportional to two factors: (i) the square of the
spin—orbit matrix element connecting the triplet to the singlet state with oscillator
strength; and (ii) the inverse square of energy difference between the interacting states.
The lowest-lying excited state with a fully allowed electric dipole transition to the ground
state is the PbO D I(1) state at Top = 30 100 cm™. It is presumably the interaction
with this state which causes the lifetime shortening. It is interesting to note that if we
assume that the ﬁrst factor namely the square of the spin—orbit matrix elements is the
uuuuuuuuuu
predicts r(a) is roughly three times longer than -r(B). Although we were unable to mea-
sure 7(a), we established that r(a) 2> 10 usec. Considering the crudeness of this approxi-
mation, this is consistent with the above argument and our value for (B).

Finally, we speculate on how the radiative lifetime changes in going from oxygen to
tellurium for a given lead chalconide excited state. As remarked previously, the =*
electron density on the lead atom decreases with increasing mass of the chalconide atom.
Since it is the spin-orbit mixing with the D 'TI(1) state, caused primarily by the metal

atom flﬁnf c]'\nrhane f"\n rnr]lnhxrn ]!Fﬂfn'nn we exnect the var]\afw‘rn ]IFQf!mn of the corre-
aifin, fat snoriell JELIME, Xpe LC o 11CUuINC O i€ GO

sponding excited state to lengthen in going from the oxide to the telluride (reversal of
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the heavy atom effect). Although unfortunately there appears to be no information on
the radiative lifetimes of the other lead chalconides so that we can test this prediction,
Meyer ef al. (34) have observed longer 4 state radiative lifetimes for SnS compared to
SnO and GeS compared to GeO, which they have attributed to this »* electron density
trend.
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