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The chemilmninescence from electronically excited lead oxide formed during the reaction between lead vapor and either ‘Z 
0, or ‘A 0, has been studied. The reactions were accomplished in a flow tube reactor. A microwave discharge was used to 
generate ‘A 0s. The vibronic spectrum was analyzed and the band head assignments were used in a linear least-squares 
calculation to obtain the vibronic molecular constants for the X, a, b, A, B, C, c’, D, and E electronic states of lead oxide. 
Based on these and other molecular constants, Franck-London factors were calculated for the transitions to the ground state 
and also for the A-a and D-a transitions. Evidence was presented to support a kinetic analysis of the mechanism leading to 
chemiluminescence under the experimental conditions encountered in the flow tube reactor. Mechanisms presented earlier were 
verified by the present data. 

1. Indian 

The lead oxide molecule (PbO) has been exten- 
sively studied since the early 1900’s. To observe 
the band spectra, early researchers used lead chlo- 
ride gas flames or lead chloride carbon arcs. Sub- 
sequently, ~~-resolution absorption and emission 
studies identified at least six band systems, all of 
which terminated on the ground state [1,2]. 

They studied the che~lu~nes~nt intensity of 
this reaction as a function of oven temperature 
(T) under the single collision conditions of their 
molecular beam system. By plotting the logarithm 
of the intensity versus l/T, they were able to find 
the activation energy. They concluded that (i) the 
chemiluminescence was first order in Pb, with no 
dependence on other components such as Pb,, and 
that (ii) the reaction activation energy was small. 

More recently, using a molecular beam system, They also observed unusual variations in chem- 
Oldenborg et al. [2] ,were able to perform emission iluminescent intensities of the B-X transition with 
spectroscopy and laser-induced fluorescence stud- changes in oven temperature. They found that the 
ies of the PbO system. By reacting atomic lead intensity decreased with increasing oven tempera- 
with 0, under single collision conditions, they ture over certain temperature ranges. They attri- 
identified a series of 55 bands in the region buted this phenomenon to a discharge near the 
450-850 nm assigned to transitions from the a and oven which was exciting some Pb atoms to the 
b states. Their analysis showed that all bands were metastable 3Pi or 3P2 levels presumably giving rise 
emissions to the ground state from excited elec- to metastable population densities greater than 
tronic states. They postulated the following mech- expected from a Boltzmann distribution. The reac- 
anism to be responsible for the population of the tion of these excited Pb atoms with 0, produced 
electronically excited a state of lead oxide (PbO*) the B-X chemiluminescent feature. 

Kurylo et al. [3] also studied the reaction of 
lead and ozone. Their studies were accomplished 
in a flow tube reactor in which multiple collisions 
were possible. They observed emissions from the a, 

Pb(S) “2’ Pb(3P,), 

Pb(3P,) + 0, -+ PbO*(a) + OZ. 
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b, A, and B states. Using laser excitation of the 
O,, they recorde’d a significant increase in A state 
emission intensity over the a, b, and B states. They 
have postulated two mechanisms for the enhance- 
ment. First, as a result of laser excitation of O,, 
the reaction with Pb(J = 1) produces PbO* in the 
B state in higher vibrational energy levels. This 
energy is then collisionally transferred to another 
molecule which is excited to the A state. Another 

possibility is that the vibrational energy in the 
excited 0, directly increases the rate of A state 
production at the expense of other reaction chan- 
nels. Their observation of chemiluminescence over 
several feet in their flow system indicates that a 
slow reaction with Pb( J = 0) must compete 
favorably with a fast reaction with Pb( J = 1). 

Linton and Broida [4] investigated the reactions 
of lead with N,O, 0, O,, and 0, by studying the 
spectra of the chemiluminescence from electroni- 
cally excited PbO generated in a flow tube system 
under a wide variety of conditions. They found 
that spectral intensities were very dependent on 
the oxidizer used and on the oxidizer pressure. 

They tabulated eight band systems between 250 
and 800 nm and observed 22 new bands in the 
PbO system. 

Brom and Beattie [5] used a flash-lamp-pumped 
tunable dye laser to study the a-X band system of 
PbO. They were able to obtain high-resolution 
spectra which allowed calculation of rotational 
constants. Observation of P, Q, and R rotational 
branches confirmed that Hund’s case c is the 
angular momentum coupling scheme for the a 
state of PbO. 

Wicke et al. [6] studied the velocity dependence 
of the Pb + N,O --, PbO(B, u = 0) + N, chemilu- 
minescence reaction under single collision condi- 
tions in an atomic beam. They were able to show 
that the chemiluminescence due to the B-X transi- 
tion was a function of the translational energy of 
the reactant Pb atoms. 

The most recent work with PbO was reported 
by Bachar and Rosenwaks [7]. While studying the 
reaction of Pb with ‘A O,, they observed emissions 
from the a, b, A, B, C, c’, and D states. Using 
microwave and chemical sources of ‘A O,, they 
were able to compare the effects of ‘A 0, con- 
centration on the relative intensities of the various 

states. In going from 10% concentration to 30%, 
they noted a significant increase in intensity from 
all the states with the enhancement of the high 
energy D state about twice that of the other states. 

They also studied the kinetic mechanism of the 
reaction by taking into account the concentration 
of excited species and exothermicity of possible 
reactions. Based on their results they concluded 
that, for the case of the Pb + ‘A 0, reaction, the 
main source of Pb(3P1) was a reaction between 
O,(‘A) and Pb(3P,) [7]. 

In the present work, we report on the results 
obtained when lead vapor was reacted with either 
ground state molecular oxygen ( 32 0,) or with the 
electronically excited state (‘A 0,) in a flow tube 
reactor. Some preliminary results have been re- 
ported on a portion of this work [8]. In the present 
account we report on the complete spectroscopic 
analysis of the vibronic transitions from the a, b, 
A, B, C, C’, D, and E states to the ground state of 
PbO. 

In section 2 the experimental and computa- 
tional techniques are described. Section 3 contains 
the results of the vibronic band head assignments, 

molecular constants based on the assignments, and 
Franck-Condon factors for the transitions. 

In section 4 the experimental evidence which 
has a bearing on determining the mechanisms 
responsible for the chemihuninescence is dis- 
cussed. A comparison is made between the mecha- 
nisms for formation of PbO* during the reaction 
between Pb and 3): 0, and Pb and h 0,. 

2. Experimental and computational procedures 

2.1. Flow tube reactor 

The experimental apparatus used to generate 
the chemiluminescent PbO flame was a flow tube 
reactor. The reactor has been described in detail 
previously [8]. For the reactions between Pb and 
3I: 0, a stainless-steel oxidizer manifold was used 
as described previously [8]. For the work with b 
0, the stainless-steel oxidizer manifold was re- 
placed by one made of Pyrex glass. Pyrex was used 
because of its very low quenching coefficient for ‘A 
0, (10-5) [7]. The manifold consisted of a section 
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of 14 mm id. Pyrex tubing flared at one end. A 
series of six rows of four holes each were drilled in 
the tubing. The holes were 0.8 mm in diameter and 
were drilled with a diamond impregnated bit. The 
first row of holes was drilled in the flared edge at a 
45 degree angle to the tube proper. The rows were 
spaced 3 mm apart, and each row was offset from 
the previous row by 45 degree to prevent stress 
fractures during drilling. Once the holes were 
drilled, a section of 28 mm o.d. tubing was placed 
over the smaller tubing, and the two sections were 
sealed together. This formed a double-walled cyl- 
inder with an open center. Finally, the Pyrex stem 
was attached to the lower edge of the cylinder. 

The manifold was mounted over the chimney. 
The stem of the Pyrex manifold was secured to the 
flow tube via a l/2 in. Cajon connector welded on 
a stainless-steel plate. The plate was attached to 
one of the side ports of the cross. Due to the 
fragility of the manifold, extreme care was taken 
when installing or removing the manifold. 

Spectra were obtained as described previously 
[S]. Resolution of spectral lines with the experi- 
mental arrangement was determined to be 5 A 
fwhm. 

2.2. Generation of ‘A 0, 

The ‘A OZ was generated using a 2450 MHz 
microwave discharge cavity. Pure 0, was passed 
through a 13 mm quartz tube which was sur- 
rounded by a McCarroll-type microwave cavity 

(Opthos instruments) [9]. The cavity was cooled 
with an air stream directed into the cavity in order 
to stabilize the discharge. The quartz tube was 
connected by a means of Pyrex tubing to the 

Table 1 

Activation energies for the formation of PbO * 

oxidizer manifold. A yellow brown coating of HgO 
was deposited on the Pyrex tubing downstream of 
the cavity to significantly reduce any atomic 
oxygen which may have formed in the discharge 

[lOI. 

2.3. Emission intensity measurements 

Intensities of emissions at selected wavelengths 
were observed under different pressure conditions 
as described previously [8]. The intensities were 
observed as a function of lead vapor temperatures. 
From these observations a rough estimate of the 
activation energies (E,) for the formation of PbO* 

with both 3): 0, and IA 0, were obtained [2]. The 
results of these experiments are presented in table 
1. 

2.4. Determination of the presence and 
concentrations of electronic states of Pb 

Previously [8] it had been shown that only a 
thermal mechanism was operating to produce lead 
vapor. An experimental determination of the num- 
ber densities of thermally excited Pb was pre- 

cluded due to a lack of necessary detection 
equipment. However, from a knowledge of the 
oven temperature and the energies of the states of 
Pb, the relative concentrations of the electronically 
excited states can be calculated using the Boltz- 
mann equation. The energy levels or the first five 
states of Pb are shown in table 2. The relative 

number densities NQ,, and NQ,, were found to be 
6.3 X 10e5 and 1.9 X 10p6, respectively at a cruci- 
ble temperature of 1163 K. The concentration of 
Pb in the flame region was shown to be = 3.4 x 

1Or4 atoms/cc [8]. Assuming for the moment that 

Wavelength 

observed 

(nm) 

Pb+3X 0, 

670, 590.8 
590.8, 431.3 

Pb+‘A 0, 

590.8, 431.3 

0, pressure 

(Torr) 

0.3 
0.8 

0.7-1.3 

Ar pressure 

(Torr) 

1.9 
3.3 

0.9-1.0 

Pb vapor 

temperature 

(K) 

1044-1086 
1062-1103 

809-1048 

Activation 

energy (J% ) 
(kcal/mol) 

63.9* 8.0 
115.3k22.4 

21.0+ 6.1 
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Table 2 

Energy levels of Pb [ll] 

State Energy (cm-‘) 

3Pll 0 

3P, 7819 

3P2 10650 

‘D, 21457 

‘S0 29466 

all excited species created in the crucible reach the 
flame region, this would yield approximate con- 
centrations of 2.1 X 10” atoms/cc for Pb(3PI) 
and 6.5 x lo8 atoms/cc for Pb(3P2). Concentra- 
tions of Pb(‘D,) and Pb(‘S,) were negligible. 

The relative ratios of the excited state popula- 
tion were calculated at the crucible temperature. 
To verify that this ratio remains constant into the 
flame region the following analysis was performed. 

Transitions between the five lowest energy states 
of Pb are prohibited due to Laporte’s rule which 
indicates that transitions between states of the 
same parity are forbidden [12,13]. Thus, the first 
four excited states of Pb are metastable. 

The transition probabilities for transitions be- 
tween the three lower states of Pb have been 
reported by Garstang [14] and are tabulated in 
table 3. A, is the magnetic dipole transition prob- 
ability and A, is the electric quadrupole transition 
probability. Based on these values, the lifetime of 
the 3PI and 3Pz states can be calculated from 

r = l/P, (3) 

where p is the probability of a transition. This 
yields a lifetime of 136 ms for the 3PI state. Since 
the probabilities are additive for a given state [14], 
the lifetime of the 3P2 state is 4.8 s. For the current 
system, the Pb flow velocity was calculated to be 

Table 3 

Transition probabilities between excited states of Pb [14] 

Transition 

3P2-3P, 

3P2-3P0 

3P,-3Po 

Type Probability (SC’) 

‘4, 0.18 

A, 2.5~10-~ 

‘4, 0.21 

A, 7.30 

8150 cm/s [8]. Since the chimney of the flow tube 
is 4 in. long, the residence time of the Pb in the 
chimney is 5: 1.25 ms. Therefore, any 3Pr and 3P2 
formed in the crucible will reach the flame region 
unless quenched by collisions with Ar molecules or 

the chimney walls. 
The equation for the change in Pb(3P,) con- 

centration due to collisions with Ar can be written 

as 

d[Pb(3Pr)]/dt=&,,[Pb(3P,)], (4) 

where [ ] indicates concentration and ki, is a 
first-order collision rate constant. The constant 
k;, is defined in terms of a second-order rate 
constant, k, and the concentration of Ar as 

kft, = k [ Ar] . (5) 

Hussain and Littler [I51 reported a value for k of 
0 x lo-l6 cc/molecule s at 300 K with estimated 
error limits of f 1.0 X 10-16. The temperature ex- 
tremes in the flow tube ranged from 300 to 1163 K 
and correspond to the greatest and least con- 
centrations of Ar, respectively. Applying the ideal 

gas equation of state to both temperatures at an 
Ar pressure of 2 Torr yields the following Ar 
concentrations: 

1 Arl 300K = 6.439 x 1016 molecules/cc, (6) 

1 Arl 1163K = 1.656 X 1016 molecules/cc. (7) 

These concentrations were substituted into eq. (5) 
using the largest value for k (1 X 10-16) and re- 
sulted in the following rate constants for de-excita- 
tion : 

Go, = 6.439 s-l, (8) 

k;163K = 1.656 s-r. (9) 

Upon taking the inverse of these rate constants, 
the following lifetimes are obtained: 

7300K = 155 ms, (LO) 

7 1163K = 603 ms. (11) 

A similar analysis for the 3P2 state using k = (2.0 
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f 0.5) x lo-l5 cc/molecule s resulted in the fol- 
lowing lifetimes 

r300K=6ms, 02) 

7 iI63 x = 20 ms. 03) 

As seen from these results, even in the worst case, 
the lifetimes of the 3Pi and 3P2 states are at least 
four times greater than the chimney residence time 
of lead. 

Since this analysis has neglected the effects of 
collisions with the chimney walls, these calcula- 
tions represent an upper limit on the lifetimes. 
However, the effect of wall collisions is assumed to 
be negligible. Thus, any 3P, or 3Pz created in the 
crucible will reach the flame region. 

Bachar and Rosenwaks have previously ob- 
served the presence of atomic lead vapor in the 
ground and electronically excited states [7]. In the 
present work, evidence was gathered for the pres- 
ence of atomic lead species in the flame region. 
The fluorescence of the lead/argon gas stream 
was observed. The excitation source was a lead 
iodide electrodeless lamp [16]. Excitation was pro- 
vided by a microwave cavity operating at 2450 
MHz. Emission from the Pb/Ar stream was ob- 
served at right angles to the incident light path. 
Under these conditions, two weak fluorescence 
lines were observed which are attributable to 
atomic lead - one at = 4055 A and another broad 
emission in the region of 3600 A. 

Wood and Andrew [17] have studied the emis- 
sion from neutral lead in a lead halide electrodeless 
discharge tube. In their report they used the term 
symbols suggested in ref. [18] to identify the en- 
ergy states for atomic lead which was assumed to 
obey j coupling. They assigned the two most 
intense emission lines in the spectrum (with a ratio 
of intensities of 9 : 5) to the transition 
6p7s(1/2, l/2), + 6p2(3/2, l/2), at 4057.8067 A 
and 6p7$1/2, l/2), + 6p2(3/2, l/2), at 
3639.5677 A, respectively. Assuming LS coupling, 
the transitions are designated as 6~7s(~P,) -+ 
6p2( 3P2) and 6p7~(~P~) -+ 6~~(~Pi), respectively. 

In the present study it is reasonable to assume 
that excitation of the SP~(~P~) and 6p2(‘P1) states 
of Pb in the flow tube occurred under the in- 
fluence of these two emission lines from the PbI 

lamp. The fluorescence observed was simply the 
reverse of the excitation process. This evidence 
indicates that the two lowest lying, electronically 
excited states of Pb did exist in ’ the Pb/Ar gas 
stream in the flame region of the flow tube prior to 
any energy exchange due to collisions with oxidizer 
or product particles. 

Wood and Andrew [17] report that a strong 
transition to the SP~(~P~) state of Pb [i.e. 
6p7s(1/2, l/2), + 6p2(1/2, l/2),] occurs at 
2833.0534 A with = 11% of the intensity of the 
most intense emission line. Under the conditions 
of our experiment this transition from the 3P0 state 
could not be observed since a glass sleeve sur- 
rounding the PbI lamp absorbed radiation in the 
UV spectral region. However, if the excited states 
are present, then the ground state must also be 
present in the Pb/Ar gas stream under the experi- 
mental conditions. That is, since the lead was 
vaporized under exclusively thermolytic condi- 
tions, it is reasonable to assume that the number 
densities of the three electronic states are at least 
roughly estimated by a Boltzmann distribution 
which predicts a preponderance of the lowest en- 
ergy state. 

2.5. Computational procedures 

Molecular constants were calculated by means 
of a global least-squares computer program, Pro- 
gram DUNAM [19], written by D.G. Shankland. 
The program was written in FORTRAN 77 to be 
used on a Harris 500 computer. Computation time 
for the analysis was typically a few seconds. The 
program uses as input the wavelength of the 
transition, the assignment, and a weighting factor 
(if desired). The program calculates molecular con- 
stants for all of the energy states involved in the 
vibronic transitions. 

Franck-Condon factors were calculated from 
the molecular constants by use of program 
FCFACT written by J.J. Pow and L.D. Brasure 
[18]. The program FCFACT was written in FOR- 
TRAN 5 for use on a CDC Cyber computer. 
Values for the wavefunctions used in the calcula- 
tions were obtained by use of program RIPA 
provided by C.R. Vidal of the Max-Planck In- 
stitute for Extraterrestrische Physik, FRG [21-231. 
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This program uses the semiclassical RKR ap- 
proach to calculate an initial potential energy curve 
for a diatomic molecule [24-261 starting with 
molecular constants calculated from spectroscopic 
data. It then uses this calculated potential in a 
quantum-mechanical calculation developed ini- 

tially by Hinze and Kosman [27] known as the 
inverted perturbation approach (IPA). This calcu- 
lation refines the potential and produces numeri- 
cal values for the wavefunctions. These values for 
the wavefunctions are then used to calculate the 
Franck-Condon factors for the vibronic transi- 

tions. 

3. Results 

3.1. Vibronic band head assignments and molecular 

constants 

The chemiluminescence of PbO was observed 
during the reaction between Pb and ‘2 O1 and ‘A 
0,. In both cases the emissions were sufficiently 
intense so that the spectral lines could be resolved. 
Spectra were observed from 300 to 900 nm. The 
vibrational band structure was observed in all 
spectra with the rotational structure being shaded 
toward the red. The rotational structure could not 
be resolved; however, band head assignments could 
be made with a good degree of certainty in many 
cases. The slit width for spectra of the Pb +32 O2 
reaction was 150 urn, and the slit width for spectra 
of the Pb + ‘A 0, reaction was 15 urn. A low- 
dispersion spectrum obtained during the reaction 
between Pb and ‘A 0, is shown in fig. 1. Band 
head assignments for the chemiluminescence spec- 
trum from Pb + 3Z 0, have been reported previ- 
ously [8]. Analysis of the spectrum allowed identi- 
fication of 63 vibronic bands assignable to transi- 
tions from the a, A, B, and ,C electronic states. 
Analysis of the spectrum from Pb + ‘A 0, allowed 
identification of 271 vibronic bands assignable to 
transitions from the a, b, A, B, C, C’, D, and E 
electronic states [19,28]. Based on these assign- 
ments the vibronic molecular constants for eight 
energy states of PbO have been calculated using 
program DUNHAM [19]. The constants are listed 
in table 4. For comparison, the molecular con- 

Fig. 1. Chemiltinescence spectrum from the reaction between 

lead vapor and ‘A 0,. 

stants reported previously are listed in table 5. It is 
noted that there is a large variation in the reported 
values of the constants, The constants reported by 
Oldenborg et al. [2] for the X and a states appear 
to be the most reliable. Likewise the values re- 
ported by Linton and Broida [4] for the A state 
appear to be the most reliable. The constants 
calculated in the present work agree to within 1 or 
2 standard deviations with those reported by 
Oldenborg et al. for the X and a states and within 
2 or 3 standard deviations within those reported 
by Linton and Broida for the A state. Discrepan- 
cies between the sets of values for the constants 
may be due to the method used to weight the data 
during the calculations. Both previous reports [2,4] 
used a weighting technique in their least-squares 

Table 4 

Molecular constants for PbO in cm-‘. (Numbers in parenthe- 

ses are two standard deviations) 

tronic 

state 

X 

: 

A 

B 

C 

C’ 

D 

E 

T, 

0 
16031.103.0) 

16335.4(12.8) 

19876.2(6.6) 

22303.6(8.0) 

23794.6(11.2) 

24941.9(11.8) 

30059.3(13.8) 

34443.0(22.4) 

722.69(0.96) 

483.4(3.0) 

433.5(10.6) 

445.2(3.0) 

491.7(4.0) 
550.6(4.6) 

500.1(4.2) 
617.7(10.0 

477.q25.6) 

3.613(0.060) 

2.71(0.24) 

-0.04(1.80) 

0.78(0.30) 

0.98(0.42) 
5.46(0.38) 

3.40(0.30) 

9.56(1.60) 

13.0(5.2) 
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Table 5 
Previously reported molecular constants for PbO in cm -I. (Numbers in parentheses are two standard deviations) 

State T, zj, We Ref. (year) 

X 720.97(0.72)” 3.536(0.050) a) ]41(1976) 
722.9(2.8) a) 3.766(0.4) a) 1210975) 

_ 721.26 3.53 [29] (1970) 
_ 721.6 3.70 [30] (1961) 

722.3 3.73 ]11(1930) 
a 16024.9(2.9) a1 481.5(1.4) a) 2.45(0.14) a) ]41(1976) 

15912 b, 478.4 b, 2.5 b ]31(1976) 
16029(S) a) 478.7(1.9) a) 2.292(0.128) a) ]21(1975) 

b 16315 b, 441.0 b ]31(1976) 
16379k430 ]21(1975) 

A 19862.6(3.0) a) 444.3(1.6) ‘) 0.5qO.24) ‘) ]41(1976) 
19721 b, 441.9 b, 0.20 b, ]31(1976) 
19862.3 444.2 0.46 [30] (1961) 

B 22166 b, 502.0 b, 3.8 b, ]31(1976) 
22289 489 _ [30] (1961) 
22289.8 496.3 2.33 Ill (1930) 

C 23820 532 3.9 [29] (1970) 

C 24947 494 3.0 [29] (1970) 

D 30194 530.4 2.9 [29] (1970) 
30197.0 530.6 1.05 Ill (1930) 

E 34455 454.1 6.95 [29] (1970) 

a) Calculated by a weighted least-squares technique. 
b, Calculated based on ground state constants of ref. [29]. 

calculations. In the present work no weighting was 
used. However, the agreement is still within accep- 
table error limits between the different values. For 
the states other than the X, a, and A state no 
statistical estimates of reliability have been placed 
on the values for the constants. The values pre- 
sented in this work can be accepted as useful 
constants within the reliability limits placed on 
them. It is to be noted that these limits are rather 
large for the E state constants. The number of 
identified bands in the E-X transition was only 
seven. This limited data set has lead to a relatively 
large standard deviation for the E state constant. 

3.2. Franck-Condon factors 

Franck-Condon factors were calculated for 
transitions from each of the electronic excited 
states to the ground state. In addition, factors for 
the D-a and A-a transition have been calculated. 
The vibronic constants listed in table 4 were used 
for the calculations. Rotational constants and dis- 

sociation energies were obtained from the data 
listed by Huber and Herzberg [31]. 

In order to calculate Franck-Condon factors, 
the numerical values of the wavefunctions need to 
be known. Using program RIPA, the values of the 
wavefunctions for the vibrational levels of each 
electronic state were calculated for a total of 25 
levels (beginning at u = 0) and evaluated at 301 
points on each vibrational level. It was important 
to stay within the accurate portion of the potential 
energy curve when extending the number of levels 
calculated [32]. The pure reflection approximation 
begins to break down near the dissociation energy 
and special procedures need to be undertaken to 
maintain the desired level of accuracy in this re- 
gion. For all states of PbO except the E state, level 
24 is within the reliable region. The E state has the 
highest potential energy of the PbO excited states 
observed in emission and is very wide and shallow. 
The state is difficult to calculate and the maximum 
vibrational level accurately attainable is 15. Be- 
cause of the overlap between the E and X states 
and because of the requirements of the program 
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FCFACT, a minimum of 351 points were required 
to give a valid calculation of the Franck-Condon 
factors for the transitions between these two states. 
The Franck-Condon factors for the a-X, A-X, 
B-X, and A-a transitions are shown in the ap- 
pendix. Other values are available upon request 

WI. 
Comparison of these Franck-Condon factors 

with a few that had been calculated previously and 
reported by Suchard [33] shows a good (though 
not exact) correspondence between the values. The 
lack of complete correspondence is due to the use 
of different molecular constants in the different 
sets of calculations. 

4. Discussion of the mechanisms which lead to the 
observed chemiluminescence from the PbO* 

4.1. Chemiluminescence during the reaction between 
lead and 32 0, 

A mechanism to account for the formation of 
PbO* during the reaction between Pb and 32 0, 
has been presented previously [S]. At higher pres- 
sure the following two-step mechanism: 

Pb(g) + O,(‘Z) + PbO(X) + 0(3P2), (14a) 

Pb(g) + 0(3P2) + M + PbO* + M, 04b) 

is postulated to account for the data. (Eq. (14b) 
may very well be a termolecular reaction involving 
an energy sink species, M.) At lower pressure, on 
the other hand, Pb flow rates are slower and there 
is time for the atomic lead to condense to molecu- 
lar lead in the flame region of the flow tube. In 
this pressure regime the four-center mechanism 

Pb,(g) + 0, (‘2) --) Pb . . - Pb + PbO* + PbO, 

‘0 . . . (j 

05) 

accounts for the data. The evidence presented in 
section 2 shows the presence of electronically 
excited species of Pb, that is the 3P1 and 3P2 states, 
in addition to the presence of the 3P0 ground state. 
Since reaction (14a) is the slow or rate-controlling 

step in the reaction between atomic lead and 32 
9, this reaction pathway is expected to be slow 
compared to the pathway shown in (15) which has 
a much lower activation energy. However, if the 
concentration of Pb, is low compared to the con- 
centration of atomic Pb then both reactions can 
occur at comparable rates. Evidence for the ex- 
istense of Pb, under conditions similar to the 
present experiment has been presented by Johnson 
[34]. He observed and characterized the laser-in- 
duced fluorescence from a lead species carried in a 
stream of inert gas from a resistively heated 
alumina crucible through a fluorescence cell. The 
fluorescing species was identified as Pb,. Since 
both Pb and Pb, are present under the experimen- 
tal conditions in the flow tube, both mechanisms 
can occur. Slight variations in experimental condi- 
tions can lead to a change in the relative rates of 
formation of PbO* by the two mechanisms. Since 
the exothermicities of the two mechanisms are 
different, the relative amounts of the excited PbO* 
species which form should vary with experimental 
conditions. This variation in relative intensity with 
oxidizer pressure had been observed primarily dur- 
ing the reaction of lead with other oxidizers by 
Linton and Broida [4]. 

In the present work an analysis similar to that 
performed by Linton and Broida was performed. 
Five spectral determinations were made in the 
region 350-870 nm. In all five spectra the argon 
carrier gas pressure was kept constant at 2.1 Torr. 
The five oxidizer pressures were 0.04, 0.1, 0.2, 0.4, 
and 0.7 Torr. From these spectra it was apparent 
that as the 0, pressure was increased from 0.04 to 
0.2 Torr there was a gradual increase in the emis- 
sion intensity from the a, A, and B states. At 0.4 
Torr however, there was a dramatic increase in 
emission from the B and A states relative to the a 
state. Then, at 0.7 Torr, the strong enhancement of 
the B and A state had subsided and the spectra 
more closely resembled that observed at 0.1 and 
0.2 Torr. Fig. 2 shows a plot of the log of the ratio 
of the emission intensity of different lines at 0.4 
Torr to the intensity observed at 0.1 Torr versus 
energy above the ground state. Line enhancements 
in the a state are relatively small with enhance- 
ment factors of 1.1-1.2 and some lines are even 
inhibited. Enhancement factors for the A state are 
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Fig. 2. Plot of the log of the ratio of the intensity at 0.4 Torr 
oxidizer pressure to the intensity at 0.1 Torr versus energy of 
the emitted photon for the reaction between lead vapor and 32 

oz. 

between 1.6 and 2.2. The strongest enhancement 
occurs in emission from the B state. Here factors 
range from 1.87 to 2.7. The general trend of the 
data is similar to Linton and Broida’s results 
observed in the Pb + 0, reaction; (6% 0, in 9) 
[4]. The pressures involved are also similar. This 
suggests that much of the emission observed by 

Table 6 
Intensity ratios for the a-X, A-X and B-X transitions a1 

Transition 

a(1,3) 

12 /A 

6 

Transition 12 111 

.W’J) 192 
acl,Zj 5 

a(2,2j 15 

a(l,lj 8 

a(2,lj I 

a(l,Oj 8 

a(3,lj 17 

a(2,Oj 28 

a(4,lj 33 

a(W) 16 

a(4,Oj 21 

a(5,Oj 3-l 

A(O,4j 135 

A&4) 61 

A(O,3j 116 

A&3) 36 

A(O,2j 70 

A(l,2j 173 

A(2,l j 329 

A&O) 153 

A(3211 180 

NW) 296 

A(3,‘J) 176 

A(481 238 

WX3) 65 

B(W) 81 

B(V) 86 

B(W) 53 

BW) 131 

B(W) 106 

W,‘? 160 

B(3,0) 238 

B(4,0) 276 

B(5,0) 129 

‘) Z, is the intensity of the chemiluminescence observed during 
the reaction between lead and 32 0,; Z2 is the intensity 
observed during the reaction between lead and ‘A 0,. 

Linton and Broida was actually due to the Pb + 0, 
reaction. Also, the chemistry of the two reactions 
may be quite similar. Indeed, after the initial reac- 
tion with O,, the chemistry may proceed along the 
same lines. 

A gradual increase or decrease in emission in- 
tensity from the excited states as pressure is varied 
is not unexpected. Indeed, the intensity should 
reach a maximum at a point corresponding to the 
most efficient mixing of 0, and lead vapor. How- 
ever, this does not explain why some states are 
enhanced more than others. The explanation for 
this observation is that two (or more) mechanisms 
are operating to produce PbO*. While the reaction 
with atomic lead can produce PbO* in the E state 
this reaction is relatively slow compared to the 
reaction with Pb, which can produce PbO* only 
up to the A state with ground state Pb, or up as 
high as the B state with excited Pb,. The relative 
rates at which the two mechanisms occur, account 
for the changes in the relative intensities. 

4.2. Chemiluminescence during the reaction between 
lead and ‘A 0, 

The low dispersion spectrum shown in fig. 1 
obtained during the reaction between lead and ‘A 
0, showed a gain 5: 100 times greater than that 
obtained during a similar experiment with lead 
and 3I: 0, [8]. The value of 100 was calculated 
from differences by factors of 10 in the slit width 
and in the carrier gas pressure (Pb flow rate). 
These spectra allow a qualitative comparison of 
the relative intensities of the different electronic 
systems. Taking into account the differences in 
gain, the Pb + b 0, reaction obviously caused a 
considerable increase in the intensity of emissions 
from all of the excited states. However, the A and 
B state emission intensities were increased much 
more than the a state emission intensities. The 
ratios of intensities for several representative 
transitions are shown in table 6. 

Based on these figures and after taking an 
average ratio for each state, the enhancement of 
the A state was calculated to be = 10 times that 
for the a state. Similarly, the enhancement of the B 
state was = 8.3 times that for the a state. These 
enhancements of the A and B states over the a 
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state offer additional evidence that it may be 
possible to populate an upper electronic energy 
state at the expense of a lower-lying energy state 
[4,7]. If this upper state population could achieve 
greater than 50% of the lower-lying energy state, a 
population inversion would be accomplished. 

Total 0, pressures were varied from 0.3 to 0.9 
Torr at 0.5 Torr of Ar and from 1.0 to 1.4 Torr at 
0.9 Torr of Ar. (No attempt was made to monitor 
changes in b 0, production with changes in total 
0, pressure.) A slight enhancement of the B state 
emission intensity over that of the a state was 
noted when the total 0, pressure was increased 
from 0.3 to 0.7 Torr. However, this enhancement 
subsided at 0.8 Torr and was not observed at 
higher pressures. The major relative enhancements 
(i.e. factors of up to 2.7) of the A and B state 
emissions observed for the reaction of Pb + ‘2 0, 
with increases in oxidizer pressures was not ob- 
served for the Pb + h 0, reaction. The present 
results are consistent with the much more quanti- 
tative experiments of Bachar and Rosenwaks [7]. 
They did not observe significant increases in emis- 
sion intensities from the A and B states relative to 
those from the a state with an increase in h 0, 
pressure. They did observe increases in intensities 
from C and D state emission transitions relative to 
a state emission transitions by a factor of ap- 
proximately two. These relative intensity increases 
were less than those observed when 32 0, was the 
oxidizer. 

The evidence presented above is generally con- 
sistent with the mechanism presented by Bachar 
and Rosenwaks [7] to account for the reaction 
between lead and ‘A 0,. This mechanism is shown 
in the following reactions: 

Pb(3P,,) + O,(‘A) + Pb(3Pl) + O,(‘Z), (I6a) 

Pb(3P,) + O,(‘A) + Pb(3P,) + O,(‘Z), (I6b) 

Pb(3P,) + O,(‘A) + PbO(X, u) + O(3P), (16~) 

PbO(X, U) + O,(‘A) --, PbO(a, b) + O,(‘Z), 

(I6d) 

PbO(a, b) + O,(‘A) -, PbO(A, B.. .) + O,(“Z). 

(I6e) 

The significant increase in intensity when ‘A 0, 
is the oxidizer indicates a significant change in 
mechanism to one in which the rate controlling 
step has a substantially lower activation energy. In 
the mechanism proposed by Bachar and Rosen- 
waks [7], the rate-controlling step in the sequence 
is the process shown in (16c), where PbO(X, U) 
indicates PbO in the vibrationally excited levels of 
the ground electronic state. This reaction is ex- 
pected to have an activation energy much lower 
than that for the reactions shown in (14a) and 
(14b) or (15). The activation energy value for this 
reaction of 21.0 kcal/mol (see table 1) is substan- 
tially lower than those values obtained for the 
reaction with 32 0,. It was also observed that 
there is a slight decrease in activation energy with 
increasing crucible temperature. This decrease may 
indicate a change in mechanism for the reaction 
between Pb and ‘A Oz in which the vibrational 
level of PbO in (16~) is changing with changing 
temperature conditions in the reaction zone. 

It can be pointed out that one additional step 
should be reasonably added to the Bachar- 
Rosenwaks mechanism. That step is the one in- 
volving the reaction between lead and the atomic 
oxygen formed as shown in (16~). This reaction is 
expected to be very fast and would not be evident 
in a kinetic analysis. However, based on the pre- 
sent work with 32 02, it seems reasonable to 
include this reaction (14b) as a part of the mecha- 
nism. This step can at least partially account for 
the formation of the higher energy states since the 
reaction is exothermic enough to produce PbO* in 
the D and E states [4]. 

The observation that the change in relative in- 
tensities of chemiluminescence from different elec- 
tronically excited states of PbO* with ‘A O2 pres- 
sure changes is less than the relative intensity 
changes where 32 0, is the oxidizer provides 
further support for the modified Bachar-Rosen- 
waks mechanism. Since the rate-limiting reaction 
is fast it is relatively insensitive to whether Pb or 
Pb, is the reacting species. And since the energy 
transfer steps (16d) and (16e) are fast compared to 
(16~) then regardless of pressure the relative inten- 
sities of chernihuninescence will stay the same. 

Based on the experimental evidence, there are 
significant differences in the mechanisms for the 



T
ab

le
 7

 
F

ra
n

&
-C

on
do

n
 

fa
ct

or
s 

fo
r 

P
bO

 a
-X

 
tr

an
si

ti
on

s 

V
’ 

0”
 

0 
1 

2 
3 

4 
5 

6 
7 

8 
9 

10
 

11
 

12
 

13
 

14
 

15
 

16
 

17
 

18
 

19
 

20
 

21
 

22
 

23
 

0 
00

5 
03

3 
09

1 
16

0 
20

2 
19

5 
14

9 
09

2 
04

5 
01

8 
00

6 
00

2 
00

0 
00

0 
00

0 
00

0 
O

oo
 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

1 
02

5 
09

6 
15

1 
11

4 
02

8 
00

3 
06

5 
13

9 
15

6 
11

8 
06

5 
02

8 
01

0 
00

3 
00

1 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
2 

06
0 

13
8 

09
3 

00
5 

03
3 

09
7 

06
5 

00
4 

02
8 

10
7 

14
4 

11
7 

06
7 

02
9 

01
0 

00
3 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

3 
10

1 
12

1 
01

3 
03

3 
08

5 
02

4 
01

0 
07

6 
06

7 
00

6 
02

4 
10

1 
13

6 
10

8 
06

0 
02

5 
00

2 
00

0 
00

0 
00

0 
O

Q
O

 
00

0 
00

0 
00

0 
4 

13
3 

06
4 

00
8 

07
9 

02
3 

01
6 

07
1 

02
3 

01
0 

07
4 

05
6 

00
2 

03
4 

10
8 

13
0 

09
5 

01
8 

00
5 

00
1 

00
0 

00
0 

00
0 

00
0 

00
0 

5 
14

6 
01

4 
05

3 
04

8 
00

5 
06

4 
01

6 
02

0 
06

4 
01

1 
02

1 
07

6 
03

8 
00

0 
05

4 
12

0 
07

8 
03

5 
01

2 
00

3 
00

1 
00

0 
00

0 
00

0 
6 

13
9 

00
1 

07
6 

00
4 

04
9 

02
9 

01
2 

05
7 

00
4 

03
5 

05
3 

00
1 

04
0 

07
1 

01
7 

01
0 

12
8 

10
6 

05
8 

02
3 

00
7 

00
1 

00
0 

00
~

3 
7 

11
8 

02
0 

05
5 

01
0 

05
4 

00
0 

05
2 

00
9 

02
9 

04
2 

00
1 

05
2 

03
2 

00
3 

06
0 

05
3 

03
5 

10
9 

12
5 

08
4 

03
8 

01
3 

00
3 

00
1 

8 
09

2 
05

1 
02

0 
04

4 
01

8 
03

0 
02

9 
01

2 
04

5 
00

0 
04

6 
01

8 
01

5 
05

6 
00

8 
02

3 
02

6 
00

4 
07

1 
12

6 
10

8 
05

9 
02

2 
00

6 
9 

06
6 

07
6 

00
1 

05
7 

00
0 

04
9 

00
0 

04
5 

00
5 

03
4 

02
1 

01
3 

04
6 

00
1 

03
9 

03
9 

05
2 

05
7 

00
3 

03
1 

10
7 

12
5 

08
2 

03
6 

10
 

04
5 

08
6 

00
7 

04
0 

01
9 

02
7 

01
9 

02
7 

01
2 

03
4 

00
4 

04
3 

00
1 

03
7 

02
3 

00
9 

01
1 

02
0 

06
8 

02
5 

00
5 

07
5 

12
7 

10
5 

11
 

02
9 

08
2 

03
0 

01
4 

04
3 

00
2 

04
2 

00
1 

03
9 

00
2 

03
6 

00
7 

02
7 

02
3 

00
9 

04
4 

03
7 

03
7 

00
1 

05
3 

05
2 

00
1 

03
9 

11
4 

12
 

01
8 

07
0 

05
4 

00
0 

04
5 

00
6 

03
1 

01
3 

02
4 

01
4 

02
5 

01
0 

03
1 

00
3 

03
9 

00
1 

02
1 

01
0 

05
1 

00
7 

02
5 

06
0 

01
7 

01
2 

13
 

01
1 

05
4 

06
9 

00
7 

02
6 

02
9 

00
6 

03
5 

00
1 

03
5 

00
0 

03
5 

00
1 

03
4 

00
5 

02
7 

01
1 

04
0 

00
0 

04
1 

02
9 

00
4 

05
9 

04
1 

14
 

00
6 

03
8 

07
1 

02
8 

00
6 

04
1 

00
2 

03
0 

01
0 

02
1 

01
6 

01
6 

01
7 

01
8 

01
3 

02
6 

03
6 

00
0 

03
9 

01
3 

01
8 

04
7 

00
1 

03
8 

15
 

00
3 

02
5 

06
4 

04
9 

00
0 

03
2 

01
9 

00
9 

03
0 

00
1 

03
2 

00
0 

03
1 

00
1 

03
2 

00
0 

00
1 

03
2 

01
1 

02
0 

03
2 

00
2 

04
7 

01
6 

16
 

00
2 

01
5 

05
1 

06
1 

01
2 

01
3 

03
5 

00
0 

02
9 

00
9 

01
7 

01
8 

01
0 

02
2 

00
8 

02
3 

02
0 

01
6 

01
3 

02
9 

00
3 

04
1 

00
3 

03
1 

17
 

00
1 

00
9 

03
7 

06
3 

03
1 

00
1 

03
3 

01
2 

01
0 

02
7 

00
0 

02
9 

00
1 

02
6 

00
4 

02
4 

02
6 

00
3 

03
1 

00
0 

03
5 

00
2 

03
2 

01
9 

18
 

00
0 

00
5 

02
4 

05
6 

04
9 

00
4 

01
8 

02
9 

00
0 

02
7 

00
9 

01
3 

01
9 

00
5 

02
5 

00
2 

00
1 

02
8 

00
2 

02
8 

00
5 

02
5 

01
6 

01
4 

19
 

00
0 

00
2 

01
5 

04
5 

05
8 

01
9 

00
3 

03
2 

00
9 

01
0 

02
5 

00
0 

02
6 

00
3 

02
0 

00
9 

01
3 

01
3 

01
5 

01
5 

01
3 

02
0 

00
8 

03
0 

20
 

00
0 

00
1 

00
9 

03
3 

05
7 

03
7 

00
1 

02
0 

02
4 

00
0 

02
5 

00
9 

01
0 

02
0 

00
2 

02
5 

02
5 

00
1 

02
5 

00
2 

02
7 

00
1 

03
0 

00
0 

21
 

00
0 

00
0 

00
5 

02
2 

05
0 

05
0 

01
1 

00
6 

02
9 

00
6 

01
0 

02
3 

00
0 

02
3 

00
5 

01
5 

00
7 

02
0 

00
4 

02
3 

00
2 

02
5 

00
3 

02
6 

22
 

00
0 

00
0 

00
2 

01
3 

03
9 

05
5 

02
7 

00
0 

02
1 

02
0 

00
0 

02
3 

00
8 

00
8 

02
0 

00
0 

00
1 

02
0 

00
6 

01
6 

01
0 

01
4 

01
2 

01
5 

23
 

00
0 

00
0 

00
1 

00
8 

02
8 

05
1 

04
2 

00
6 

00
8 

02
7 

00
5 

01
0 

02
1 

00
0 

02
0 

00
7 

01
7 

00
2 

02
2 

O
O

Q
 

02
3 

00
1 

02
4 

00
2 

24
 

00
0 

00
0 

00
0 

00
4 

01
8 

04
3 

05
0 

02
0 

00
0 

02
1 

01
7 

00
0 

02
1 

00
8 

00
6 

02
0 

02
0 

00
5 

01
3 

01
2 

00
7 

01
8 

00
3 

02
2 





T
ab

le
 9

 
F

ra
n

ck
-C

on
do

n
 

fa
ct

or
s 

fo
r 

P
bO

 B
-X

 
tr

an
si

ti
on

s 

0 
1 

2 
3 

4 
5 

6 
7 

8 
9 

10
 

11
 

12
 

13
 

14
 

15
 

16
 

17
 

18
 

19
 

20
 

21
 

22
 

23
 

0 
04

9 
16

0 
24

4 
23

5 
16

5 
09

0 
03

9 
01

4 
00

4 
00

1 
00

0 
00

0 
O

oo
 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

1 
12

6 
19

6 
07

3 
00

1 
07

9 
16

6 
16

8 
11

2 
05

3 
01

9 
00

5 
00

1 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 

2 
17

6 
09

0 
00

6 
11

2 
08

6 
00

3 
04

5 
13

9 
15

9 
10

9 
05

1 
01

8 
00

5 
00

1 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 

3 
17

8 
00

9 
08

5 
06

9 
00

3 
09

0 
07

4 
00

2 
04

7 
13

6 
14

8 
09

5 
04

3 
01

5 
00

4 
00

1 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 

4 
15

0 
00

8 
10

1 
00

0 
08

0 
04

4 
00

9 
08

9 
05

4 
00

0 
06

5 
14

0 
13

3 
07

9 
03

3 
01

1 
00

0 
O

C
O

 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 

5 
11

1 
04

5 
04

9 
03

7 
06

3 
00

5 
08

0 
01

8 
02

8 
08

9 
02

9 
00

8 
09

0 
14

2 
11

5 
06

1 
00

7 
00

1 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 

6 
07

6 
07

5 
00

7 
07

9 
00

5 
06

4 
02

4 
02

8 
06

8 
00

1 
05

6 
07

5 
00

7 
03

0 
11

5 
13

7 
04

2 
01

4 
00

3 
00

1 
00

0 
00

0 
00

0 
00

0 

7 
04

9 
08

4 
00

2 
06

7 
01

4 
05

9 
00

7 
06

6 
00

1 
05

9 
03

7 
00

8 
07

7 
04

6 
00

1 
06

5 
12

3 
06

8 
02

6 
00

7 
00

1 
00

0 
00

0 
00

0 

8 
03

0 
07

6 
01

9 
03

1 
05

2 
01

2 
05

4 
01

4 
04

0 
03

6 
01

2 
06

7 
00

6 
03

6 
07

7 
01

5 
10

5 
13

9 
09

8 
04

4 
01

4 
00

3 
00

0 
00

0 

9 
01

8 
06

1 
03

5 
00

6 
06

4 
00

2 
05

8 
00

6 
05

4 
00

2 
06

0 
00

4 
04

6 
04

3 
00

2 
06

7 
00

0 
05

9 
13

5 
12

5 
06

8 
02

5 
00

6 
00

1 

10
 

01
1 

04
6 

04
3 

00
0 

04
9 

02
6 

02
2 

04
5 

01
1 

04
3 

01
6 

03
1 

03
9 

00
7 

06
2 

01
0 

07
7 

01
6 

01
8 

10
7 

14
2 

09
6 

04
1 

01
2 

11
 

00
7 

03
3 

04
3 

00
5 

02
6 

04
6 

00
1 

05
7 

00
4 

04
7 

00
5 

04
9 

00
1 

05
6 

00
6 

03
9 

00
1 

06
6 

05
1 

00
0 

06
4 

14
1 

12
2 

06
3 

12
 

00
4 

02
3 

03
9 

01
2 

00
9 

04
8 

00
6 

03
5 

03
3 

01
3 

04
1 

00
8 

03
8 

01
7 

02
8 

03
8 

05
9 

01
1 

03
0 

07
5 

01
2 

02
3 

11
8 

14
3 

13
 

00
3 

01
7 

03
2 

01
6 

00
2 

03
9 

02
0 

01
0 

05
1 

00
1 

04
6 

00
7 

03
9 

00
5 

04
6 

00
1 

00
5 

03
8 

04
1 

00
2 

06
9 

04
3 

00
2 

08
1 

14
 

00
2 

01
2 

02
6 

01
8 

O
oo

 
02

6 
03

0 
00

0 
04

4 
01

8 
01

9 
03

7 
00

6 
03

9 
00

6 
03

8 
02

9 
03

3 
00

7 
05

8 
00

7 
03

8 
07

0 
00

6 

15
 

00
1 

00
9 

02
1 

01
8 

00
1 

01
5 

03
3 

00
2 

02
6 

03
7 

00
1 

04
7 

00
5 

03
5 

00
9 

03
4 

04
3 

00
2 

05
0 

00
2 

04
2 

03
4 

00
8 

07
3 

16
 

00
1 

00
6 

01
7 

01
7 

00
2 

00
8 

02
9 

00
9 

01
0 

04
3 

00
5 

02
9 

02
9 

00
8 

03
7 

00
3 

00
4 

04
1 

00
9 

03
4 

02
5 

01
3 

05
6 

00
1 

17
 

00
1 

00
5 

01
3 

01
5 

00
4 

00
3 

02
3 

01
4 

00
2 

03
5 

01
8 

00
8 

04
4 

00
1 

03
6 

00
9 

01
2 

02
9 

01
2 

03
6 

00
6 

04
5 

00
0 

05
1 

18
 

00
1 

00
4 

01
1 

01
3 

00
5 

00
1 

01
7 

01
7 

00
0 

02
4 

02
9 

O
oo

 
03

8 
01

8 
01

3 
03

4 
03

6 
00

1 
04

0 
00

0 
04

4 
00

2 
03

9 
01

5 

19
 

O
O

L
l 

00
3 

00
9 

01
2 

00
5 

O
oo

 
01

2 
01

7 
00

1 
01

3 
03

1 
00

3 
02

2 
03

5 
00

0 
03

8 
02

4 
01

4 
01

9 
02

0 
02

0 
02

2 
02

4 
01

4 

20
 

00
0 

00
2 

00
7 

01
0 

00
5 

00
0 

00
9 

01
5 

00
3 

00
6 

02
8 

01
0 

00
8 

03
9 

00
5 

02
2 

00
3 

03
4 

00
0 

03
5 

00
1 

03
9 

00
1 

04
1 

21
 

00
0 

00
2 

00
6 

00
9 

00
5 

00
0 

00
6 

01
3 

00
5 

00
2 

02
2 

01
6 

00
1 

03
2 

01
8 

00
6 

00
3 

02
6 

01
4 

01
4 

02
2 

01
0 

03
0 

00
8 

22
 

00
0 

00
2 

00
5 

00
7 

00
5 

04
N

 
00

4 
01

1 
00

6 
00

0 
01

5 
01

8 
00

0 
02

1 
02

8 
00

0 
01

9 
00

7 
03

2 
00

0 
03

0 
00

2 
03

1 
00

7 

23
 

00
0 

00
1 

00
4 

00
6 

00
4 

00
0 

00
3 

00
9 

00
6 

00
0 

01
0 

01
8 

00
2 

01
1 

03
0 

00
4 

03
3 

00
0 

02
9 

01
2 

01
3 

02
2 

00
5 

03
1 

24
 

00
0 

00
1 

00
4 

00
5 

00
4 

00
0 

00
2 

00
7 

00
6 

00
0 

00
7 

01
6 

00
5 

00
5 

02
7 

01
1 

03
5 

00
8 

01
4 

02
9 

00
0 

02
8 

00
3 

02
4 



T
ab

le
 1

0 
F

ra
n

ck
-C

on
do

n
 

fa
ct

or
s 

fo
r 

P
bO

 A
-a

 
tr

an
si

ti
on

s 

0 1 2 3 4 5 6 7 8 9 10
 

11
 

12
 

13
 

14
 

15
 

16
 

17
 

18
 

19
 

20
 

21
 

22
 

23
 

24
 

0 
1 

2 
3 

4 
5 

6 
7 

8 
9 

10
 

11
 

12
 

I3
 

14
 

15
 

16
 

17
 

18
 

19
 

20
 

21
 

22
 

23
 

91
8 

07
0 

01
0 

00
2 

00
0 

00
0 

O
oo

 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 

08
2 

E
? 

76
5 

12
0 

02
6 

00
6 

00
1 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

16
4 

62
3 

15
4 

04
3 

01
2 

00
3 

00
1 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

i 

00
0 

00
0 

24
4 

49
3 

17
4 

06
0 

02
0 

00
6 

00
2 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

O
oo

 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
$ 

00
0 

00
0 

00
2 

32
0 

37
8 

18
2 

07
5 

02
9 

01
0 

00
3 

00
1 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

t-
10

0 
00

0 

00
0 

00
0 

00
0 

00
4 

39
0 

27
7 

18
0 

08
6 

03
8 

01
5 

00
5 

00
2 

00
1 

00
0 

00
0 

00
0 

00
0 

O
oo

 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
; 

00
0 

00
0 

00
0 

00
0 

00
9 

45
1 

19
3 

17
1 

09
4 

04
8 

02
1 

00
8 

00
3 

00
1 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

O
oo

 

>
 

00
0 

00
0 

00
0 

00
1 

01
6 

50
2 

12
5 

15
7 

09
8 

05
6 

02
7 

01
2 

00
5 

00
2 

00
1 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

z 
00

0 
00

0 
00

0 
00

0 
00

0 
00

1 
02

6 
54

1 
07

1 
14

0 
09

9 
06

3 
03

3 
01

6 
00

7 
00

2 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
3 

00
0 

00
0 

O
C

O
 

00
0 

00
0 

00
0 

00
1 

04
1 

56
7 

03
3 

12
2 

09
7 

06
8 

03
9 

02
0 

00
9 

00
1 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

p
 

00
0 

9 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
06

1 
57

6 
01

0 
10

3 
09

3 
07

1 
04

5 
02

4 
00

4 
00

2 
00

1 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
$ 

08
7 

56
7 

00
0 

08
5 

08
8 

07
3 

05
0 

01
3 

00
6 

00
2 

00
1 

00
0 

00
0 

00
0 

00
0 

D
 

O
oo

 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
11

8 
54

2 
00

4 
06

7 
08

2 
07

3 
03

2 
01

6 
00

7 
00

3 
00

1 
00

0 
00

0 
00

0 
B

 

O
oo

 
00

0 
00

0 
O

oo
 

00
0 

00
0 

O
oo

 
00

0 
00

0 
00

1 
00

0 
15

5 
50

1 
01

8 
05

1 
07

6 
05

7 
03

6 
01

9 
00

9 
00

4 
00

1 
00

0 
00

0 
%

 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
00

1 
00

2 
19

4 
44

7 
04

2 
03

5 
07

0 
05

9 
04

0 
02

3 
01

1 
00

5 
00

2 
00

1 
3 

O
oo

 
00

0 
00

0 
00

0 
00

0 
00

0 
O

oo
 

00
0 

00
0 

00
0 

00
0 

00
1 

00
4 

23
5 

38
2 

07
3 

06
1 

06
7 

06
0 

04
4 

02
6 

01
4 

00
6 

00
2 

%
 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

O
O

JI
 

00
0 

00
0 

00
0 

00
0 

00
0 

00
2 

00
9 

27
4 

31
1 

01
0 

05
4 

06
3 

06
1 

04
7 

03
0 

B
 

01
6 

00
8 

00
0 

00
0 

00
0 

00
0 

O
oo

 
O

oo
 

O
oo

 
O

oo
 

00
0 

00
0 

00
0 

00
0 

00
0 

00
3 

01
7 

S
 

30
9 

14
8 

00
3 

04
5 

06
0 

06
0 

05
0 

03
3 

01
9 

O
tM

 
00

~
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
1 

p
 

00
5 

02
8 

16
6 

18
4 

00
0 

03
7 

05
6 

05
9 

05
2 

03
7 

O
oo

 
00

0 
00

0 
O

oo
 

00
0 

00
0 

O
oo

 
O

oo
 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
1 

00
8 

35
3 

10
1 

21
4 

00
3 

02
9 

05
1 

05
7 

05
3 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

O
oo

 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
00

2 
06

1 
35

6 
04

8 
23

4 
01

4 
02

0 
04

7 
05

5 

O
oo

 
00

0 
00

0 
00

0 
00

0 
00

0 
O

oo
 

00
0 

O
oo

 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
00

0 
01

8 
08

1 
34

3 
01

4 
24

0 
03

1 
01

2 
04

3 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
5 

02
6 

10
4 

31
4 

00
0 

23
0 

05
5 

00
5 

O
oo

 
00

0 
00

0 
00

0 
00

0 
00

0 
O

oo
 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

O
C

Q
 

00
0 

00
0 

00
8 

03
7 

12
5 

27
0 

00
8 

20
4 

08
4 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
0 

00
1 

01
2 

05
1 

14
3 

21
5 

03
5 

16
4 



E.A. Dorko et al. / Chemiluminescence from lead oxide 363 

formation of PbO. These differences are related to 
the electronic state of the oxidizer. The faster rate 
and greater intensity of emissions observed when 
‘A 0, is the oxidizer indicate that the rate-control- 
ling step (i.e. the step in which O-O bond must be 
broken) is much more probable if the oxygen and 
the Pb are in higher energy states. On the other 
hand, when 32 0, is the oxidizer, there are no fast 
preliminary reactions which can operate to prepare 
the system for the relatively fast rate-controlling 
step. Under these conditions it is reasonable to 
postulate that the formation of PbO* is due to one 
of two mechanisms. The first involves the forma- 
tion of atomic oxygen in a very slow, endothermic, 
or possibly slightly exothermic, reaction followed 
by a fast reaction between Pb and the oxygen 
atom. The second mechanism involves the ex- 
othermic reaction between molecular oxygen and 
Pb, in a four-center-type reaction to produce one 
molecule of ground state PbO and one molecule of 
electronically excited PbO*. 
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Appendix 

A listing of selected Franck-Condon factors is 
given in tables 7-10. (Values in the tables are FC 
factor X 1000.) 
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