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Lifetimes and quenching of B 2l: + PO by atmospheric gases 
Koon Ng Wong, a) William R. Anderson,b) Anthony J. Kotlar, Mark A. DeWilde, 
and Leon J. Decker 
u. S. Army Ballistic Research Laboratory, Aberdeen Proving Ground. Maryland 21005-5066 

(Received 14 August 1985; accepted 20 September 1985) 

Pulsed laser excited tluorescence in the B 21: + +- X 21T system of gas phase PO was used to 
measure the lifetime for Vi = 0 of the B state. Rotationally resolved measurements for a few 
selected J I levels, at Ar or He carrier gas pressures of - 2 Torr, reveal no dependence of the 
lifetime on the rotational level excited. Earlier measurements of relative tluorescence intensities in 
the v' = 0 vibrational progression were reinterpreted to extract the dependence of the electronic 
transition moment on internuclear distance. Using this transition moment, no lifetime 
dependence on rotational level is to be expected, even at low pressures. Rate constants for 
quenching oftheB state PO by N2, O2, CO2, and H20, and upper limits thereoffor He and Ar are 
reported. O2 was found to react with ground state PO. A crude measurement of the rate constant 
was performed. The result is compared to two other known measurements. The rate constant is in 
excellent agreement with the previous measurement, but in poor agreement with that of a 
concurrent study. Further work is required to determine the reason for the discrepancy. A 
cathode ray-vidicon type waveform digitizer was found to lend itself readily to the lifetime 
measurements, wherein a low repetition rate laser was used. Unfortunately, it was discovered that 
small nonlinearities ( -1 % offull scale) in the digitizer response have a marked effect on the fits to 
the exponential lifetime decays and, especially, the quenching rate constants. We believe this 
problem is not commonly recognized. A simple method for calibration of this type of digitizer and 
removal of these effects is presented. 

I. INTRODUCTION 

The emission and absorption spectra of PO have been 
studied extensively for over 50 years. 1.2 The many studies of 
Verma and co-workers3 and of Coquart and co-workers4 

have been of special value in determining the relevant elec
tronic states and rotational-vibrational structure of the mol
ecule. In more recent years, other experimental techniques 
including chemiluminescence, laser excited tluorescence 
(LEF), multiphoton ionization (MPI), matrix isolation, laser 
magnetic resonance (LMR), microwave spectroscopy, and 
infrared diode laser spectroscopy have been brought to bear 
on the molecule. In 1976 Van Zee and KhanS reported the 
chemiluminescence spectra of phosphorus burning at atmo
spheric pressure in air with added H20 (or 0 20) vapor. 
Temperature dependent studies of the PO 
A 21:+ -+X21T{-247.0 nm) and B21:+ -+X21T (-325.0 
nm) emissions, the HPO (or OPO) A IA " -+ X IA I emission 
(-525.0 nm), and of a broadband underlying continuum 
( - 350-650 nm) were performed. The continuum was tenta
tively assigned to a (PO)r excimer. Clyne and Heaven6 first 
reported LEF of the PO radical, pumped in the B-X system, 
and measured the B state lifetime and quenching rate by N2. 
More recently, we formed PO in a microwave discharge 
through dimethyl-methylphosphonate [OMMP, (CH30h 
(P = 0)eH3]' The LEF technique was used to measure rela
tive intensities emitted upon pumping v' = 0 in the B state7 

and lifetimes for both the A and B states. 8 Long and co
workers9 used LEF of PO in the A-X system to study KrF 

a'NAS-NRC Postdoctoral Research Associate. 
b, Author to whom correspondence should be addressed. 

(248 nm) and Ar F (193 nm) laser photolysis ofOMMP. The 
lifetime measured for theA state was in good agreement with 
our measurement. In addition, the quenching rates of the A 
state by N 2 and O2, the reaction of PO with O2 and the photo
fragmentation dynamics were studied. MPI spectra of PO 
were first observed by Smyth and Mallard. 10 PO was formed 
from phosphine (PH3), present as a trace impurity, in an 
acetylene-air tlame. Wittig and co-workers II later used MPI 
spectra of the PO radical to study the infrared (C02 laser) 
photofragmentation dynamics of a number of organophos
phorus compounds. A high degree of similarity was found in 
the PO spectra for the different compounds indicating simi
lar photofragmentation dynamics for each. Larzilliere and 
Jacox l2 used low temperature matrix isolation to study PO, 
as well as other radicals, formed by vacuum ultraviolet irra
diation of ArIPH3/N20 mixtures and by reaction of PH3 
with the microwave discharge products of O2, Finally, Hir
ota and co-workers13

•
14 have used far-infrared LMR, micro

wave spectroscopy, and infrared diode laser spectroscopy to 
measure molecular constants for the ground state. 

There have been several ab initio studies concerning the 
ground and excited electronic states of PO. 15-20 The bound 
nature of the B 21: + state of PO has been of particular inter
est. For NO a bound state equivalent to the B state of PO is 
not observed. The earliest study concluded that the B state is 
a valence state. IS Another study, however, concluded that 
this state is of at least partial Rydberg character. 17 Later 
calculations showed that a bound 21: + state would result if 
atomic Rydberg orbitals were included in the basis set. 18 

However, Ghosh and Verma3
(c) did not include th~ B state in 

their assignments of 21: + Rydberg states leading to 11: + 
PO+ . Moreover, because of their very diffuse nature, large 
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energy shifts from the gas phase values are expected for Ryd
berg states in matrix isolation experiments. 12(b) Only a small 
shift is observed for the B state of PO. The most recent theo
retical work which includes excited state calculationsl9 has 
arrived at the conclusion that this state owes its bound na
ture to diffuse molecular orbitals, although it is not a Ryd
berg state. Evidently if this is the case, the state is not diffuse 
enough to interact appreciably with the Ar matrix. In a 
crossing allowed model, the B state would dissociate 
to pe D ) + Oe P ). However, because of avoided curve cross
ings, the calculations indicate that this state dissociates to 
p(4S) + Oe P), the ground state atoms. Note that these are all 
valence products, indicating the B state is not a Rydberg 
state. 

We are interested in the PO radical because of its impor
tance in several proposed laser photolysis detection schemes 
for organophosphonate esters under atmospheric condi
tions. For this reason, interactions of the radical with atmo
spheric constituents were studied. Lifetimes for the B state 
and its quenching rate constants by N 2' O2, CO2, and H 20 
were measured. Upper limits were also determined for 
quenching rates by Ar and He. In addition, PO was found to 
react with O2, A crude measurement of the reaction rate 
constant at 300 K was performed and is compared to two 
other measurements of this constant. In preliminary mea
surements,21 the lifetimes and, hence, quenching rate con
stants were known to be affected by a slight nonlinearity in 
the waveform digitizer (Tektronix model 7912 AD) used for 
the experiments. The waveform digitizer has been calibrated 
making it possible to deconvolute the data and extract the 
correct lifetimes. Corrections of up to 15%-20% in the 
quenching rate constants were found. Details of the decon
volution procedure will be presented. In addition, a much 
more detailed description of the apparatus and discussion of 
results is given than appeared previously. 

II. EXPERIMENTAL 

For the production of PO an inert carrier gas was bub
bled through a U tube containing DMMP. After bubbling 
through the DMMP, additional carrier gas was added to the 
system to optimize conditions for the production of PO. Ex
cept for the inert gas quenching rate constant measurements, 
usually about 2 Torr of carrier gas was used. Ar was used as 
the carrier gas in most of the experiments except for the 
measurement of the He quenching rate when He was used. 
The inert gas-DMMP mixture flowed through a microwave 
discharge (2450 MHz) where PO was formed. Quencher gas
es were introduced to the flow through a needle valve 9 cm 
downstream from the discharge. A further 9 em downstream 
fluorescence of PO was excited by the output of a Nd:Y AG 
pumped dye laser system. Pressures were measured using a 
Datametrics capacitance manometer mounted next to the 
laser excitation point. Prior to the experiments the manome
ter was checked against another capacitance manometer and 
against an NBS traceable calibrated thermocouple gauge. In 
one experiment the temperature at the laser excitation point 
was measured under typical flow conditions using a Chro
mel-Alumel thermocouple and found to be 303 ± 5 K. 

The present experimental arrangement allows for a 
much higher partial pressure of DMMP to be added to the 
flow than in our earlier experiments 7 and for much greater 
control over the flows. In the earlier work, DMMP con
tained in a glass bulb was simply allowed to vaporize into the 
inert gas flow. For that work we quoted a DMMP partial 
pressure of about 70 mTorr. However, the thermocouple 
pressure gauge used for the measurement was unreliable. We 
are quite certain that the previous measurement is in error. 
From comparative sizes of the PO fluorescence signals it is 
known that the present bubbling technique allows us to get a 
much higher partial pressure ofDMMP into the system. The 
present experimental arrangement does not allow for a di
rect measurement of the partial pressure. By weighing a sam
ple of DMMP, running the system under typical operating 
conditions for a known period of time and then measuring 
the sample loss, we find the pressure of DMMP in the pres
ent experiments is less than 1 mTorr. The earlier measure
mene of 70 mTorr ofDMMP for the bulb vaporization sys
tem, and the calculation of the PO yield from DMMP passed 
through the microwave discharge which was based upon this 
partial pressure, should not be trusted. 

The exact purity of the Ar and He carrier gases is un
known but, as will be seen, these gases caused no quenching 
within our error limits so that their purity is not a major 
concern. The CO2 was greater than 99.9% pure. The N2 
used was purified by passage through a Matheson model 462 
gas purifier which removes heavy hydrocarbons and water. 
This should result in a purity of greater than 99.9%. No 
difference was found in quenching rates with or without pu
rification. Since O2 was found to react with PO, very low O2 

pressures had to be used in the system (" 60 mTorr) in order 
to get sufficient PO signal for analysis. These low pressures 
required that the backing pressure of O2 be lower than re
quired for use of the Matheson purifier. Therefore, the puri
fier could not be used. The O2 was checked by gas chromato
graphic analysis and found to be -99.9% pure.22 For the 
addition of H20, distilled H20 in a bulb was pumped upon 
until it had boiled for several minutes to remove absorbed 
gases. An electrical heating pad was used during the experi
ments to maintain steady H20 backing pressure. 

The PO was excited in the B-X (0, 0) band at - 325 nm. 
The output of aNd: Y AG pumped dye laser (Quantel, model 
TDL III) using Rhodamine 6G dye was frequency doubled 
to obtain - 286 nm radiation. The fundamental and doubled 
beams were passed collinearly through a hydrogen Raman 
shifter cell (Quanta-Ray, model RS-l). Bischel et al.23 have 
found shifter cell conversion efficiencies of a 314 nm beath 
from doubled Rhodamine 640 to be 4-S times greater if the 
fundamental beam is included than if it is not. We observed 
similar enhancement at our wavelength. The 325 nm radi
ation was obtained as the first Stokes shifted beam. The out
put was pulsed at 10 Hz. The pulses had a duration of - 10 
ns and, under ideal conditions, an energy of - 1 m]. The 
linewidth was about 0.3 cm -I. 

PO fluorescence exiting the system at right angles to the 
laser beam was imaged onto a bandpass filtered photomulti
plier (PMT). The filtered PMT configuration was used for all 
of the present lifetime measurements. The filter passed the 
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PO B-X fluorescence with a transmission of about 50%. The 
PMT was an RCA type 4832 wired for fast time response. 24 

Care was taken to avoid saturating the PMT. Output from 
the PMT was analyzed by a Tektronix model 7912AD wave
form digitizer with 7 A 19 vertical amplifier and 7B90P time
base. The detection system had an overall response time of 
about 1.5 ns. The waveform digitizer output was averaged 
and stored for later analysis by a PDP 11/03 computer. 

III. WAVEFORM DIGITIZER CALIBRATION 

The 7912AD digitizer sweeps an electron beam, con
trolled much like an ordinary oscilloscope beam, across the 
face of a vidicon detector array. The waveform thus stored is 
read back and digitized by the vidicon electronics using a 
raster type scanning format under the control of an internal 
microcomputer. The raster scan divides the vidicon screen 
into a 512 X 512 format. The digitizer then determines the 
position of the waveform in each of the 512X (time) "chan
nels". The digitizer sends the waveform to the laboratory 
computer as a vector of 512 numbers.25 It should be noted 
that because of a small amount of random noise in the input 
stage of the digitizer, computer averaging of waveforms 
from a large number of laser pulses generally results in a 
resolution much better than I part in 512, the limitation for a 
single sweep. This type of waveform digitizer has the advan
tage that very high sweep rates can be used for waveform 
storage. The waveform may then be read back and digitized 
at a slower rate. In addition, the entire decay curve for a 
given laser pulse is captured and stored. The latter advantage 
is very important when one is using low repetition rate lasers 
because it greatly reduces the waveform acquisition time. 
Thus, it is very desirable to be able to use this type of instru
ment for lifetime measurements. Unfortunately, as men
tioned in the introduction, a slight nonlinearity in the wave
form digitizer response (up to 1 % offull scale) is inherent in 
this type of digitizer. As will be seen, the effect somewhat 
complicates data analysis. The nonlinearity was observed to 
have large effects on the lifetimes extracted from the fluores
cence decay curves. The effect was first discovered as an 
inconsistency in the lifetimes extracted on different days. 
The lifetimes differed by up to 20%, depending on signal 
levels used, for no apparent reason. The problem was traced 
to the digitizer by using a decay curve which covered ap
proximately one fourth of vertical full scale. This decay 
curve was moved alternately to the top and bottom halves of 
the vidicon screen without changing experimental condi
tions. The decay was measured (100 laser pulse averages) in 
both positions several times in an alternate fashion in order 
to eliminate the possibility that systematic drifts might affect 
the results. The decay curves were fitted using a nonlinear 
least-squares routine27 to the functional form 

I=Aexp(-t/r)+B, (1) 

where A is the waveform amplitude, t is the time after the 
laser pulse, T is the observed lifetime, and B is the base line. 
A, T, and B are allowed to vary in the fit. Some typical results 
are shown in Table I in the "uncorrected" column. The aver
age and spread in the results (one standard deviation) are also 
shown. Note that the fitted r's differ systematically by - 8% 

TABLE I. Lifetime measurements for theB 2.1:2+, v' = 0 state of PO.' 

1ins) 
Position on 

Run digitizer screen Uncorrected Corrected 

1 245.6 256.0 
2 Upper half 255.4 265.9 
3 256.4 265.9 

Average 252.5 ± 6.0 262.6 ± 5.7 
4 278.3 269.8 
5 Lower half 269.7 263.5 
6 269.8 267.4 

Average 272.6 ± 4.9 266.9 ± 3.2 

"The data were taken upon pumping in the Ql + Q P21 head of the B-X (0,0) 
band. About 2 Torr of Ar carrier gas was used. The digitizer settings were 
500 mV ldiv vertical and 100 nsldiv horizontal. 

and the averages do not agree within one standard deviation. 
This was consistently found to be the case for a large number 
of runs, though the differences in extracted lifetimes were 
sometimes larger depending on the experimental conditions, 
in particular the size of the waveform. 

The waveform digitizer was calibrated and the wave
forms were corrected for distortion produced by the nonlin
earity in the following manner. First, a time mark generator 
(Tektronix model TG501), which generates very precisely 
and accurately spaced, short pulses, was used to check for 
nonlinearities in the X coordinate. It was determined by dis
placing the time mark generator trace vertically to several 
different positions that the time mark pulses always ap
peared in the same X channel no matter what vertical dis
placement was used. This fact is very important because it 
means that distortions in theX and Y (vertical) directions are 
decoupled which vastly simplifies calibration and deconvo
lution procedures. The X direction was calibrated by fitting 
the channel numbers at which the leading edges of about 10 
time marks were observed to a simple quadratic equation 

t = ao + a1X + azX2, (2) 

where t is the known time at which a given time mark should 
be observed, X is the channel number at which the leading 
edge of the pulse was observed and the ai's are fitting con
stants. Note that the value of ao fitted in this manner is some
what arbitrary, but this does not affect the results. [It was 
later discovered after the Y calibration described below was 
performed that upon deconvolution equivalent values of T 

were obtained from any curve whether a linear or quadratic 
form was chosen for Eq. (2). The quadratic term was there
fore dropped in later work.] The Y response was calibrated 
using a variable power supply hooked in parallel to a 4 1/2 
digit voltmeter. About 20 different voltages covering the Y 
scale were then selected as input for the digitizer. For each 
voltage 100 sweeps of the digitizer were averaged. The ob
served digitizer response for each of the 512 X channels to 
the known voltages was then fitted to a fifth order polyno
mial, 

S 

Vi = LbJY~' i= 1,2, ... ,512, (3) 
j=O 
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TABLE II. R C circuit decay constant measurement. a 

RC constant I#s) 
Position on 
digitizer screen Uncorrected Corrected 

Upper half 0.91 1.01 
Middle 0.99 1.02 
Lower half 1.04 1.01 

a The data were taken using digitizer settings of I V /div vertical and I p.s/ 
div horizontal. The value of RC found by separately measuring Rand C in 
the input circuit was 1.04 ± 0.02 p.s. 

where i is the channel number, Vi is the input voltage, Yij is 
the digitizer response, and the bj 's are fitting constants. Eva
luation of the a i and bj completed the calibration procedure. 
For a given output waveform from the digitizer, the input 
waveform was reconstructed by substituting the output 
waveform into Eqs. (2) and (3) using the fitting constants 
obtained for the appropriate voltage and timescales. 

To illustrate the validity of our technique an RC circuit 
of known decay constant was used. The resistance and ca
pacitance were separately measured yielding an RC constant 
of 1.04 ± 0.02 ""s. A pulse generator's square wave used as 
input to this simple circuit resulted in a repetitive pulse with 
the exponential decay constant given above. This waveform 
had extremely high signal to noise ratio, was very reproduc
ible and was adjusted to cover - 1/4 of full scale on the 
digitizer. Three 100 pulse averages were taken, one each near 
the top, middle and bottom of the digitizer screen. The decay 
constants which resulted from fits of the waveforms to Eq. 
(1) prior to deconvolution are shown in Table II in the col
umn labeled "uncorrected." Note that the spread in the re
sults is -12%. These three waveforms were then deconvo
luted using Eqs. (2) and (3) and the resulting corrected 
waveforms fitted to Eq. (1). The resulting spread in decay 
constants is less than 1 % (see Table II). In addition, the aver
age of the three results, 1.01 ± 0.01 ""s, is in good agreement 
with the predicted decay constant of 1.04 ± 0.02 ""s. Thus 

>.... 
v; 

10 

Z 4 
w .... 
~ 

OL-__ ~ __ L-__ ~ __ L-__ ~~~~~~ __ ~ __ __ 

a 200 400 600 800 1000 

TIME (ns) 

FIG. 1. Observed fluorescence decay pulse from one of the earliest runs, 
corrected for waveform distortion. The smooth curve is the least-squares fit 
to the data. This early run was chosen because it has a much lower signal to 
noise ratio than later runs, allowing one to clearly see the difference between 
the observed data and the fit. The fit results in a lifetime of about 260 ns. 

encouraged by the agreement among results for our known 
decay circuit, we then deconvoluted the uncorrected fluores
cence data in Table I using the same procedure. The results 
are shown in the column labeled "corrected." Note that the 
resulting lifetimes are quite close to each other for data taken 
at either position on the digitizer. The averages of the results 
for the two positions on the digitizer overlap within one stan
dard deviation after deconvolution of the waveforms. The 
agreement in the resulting fluorescence lifetimes and 
between the predicted and observed decay constants for the 
R C circuit is strong evidence that the deconvolution proce
dure yields correct results for the lifetimes. This procedure 
was used for all of the lifetime measurements in this paper. A 
corrected decay pulse and least-squares fit from one of the 
earliest runs is shown in Fig. 1. This fairly simple calibration 
technique has made it possible to use our digitizer for life
time studies with confidence. 

IV. RESULTS AND DISCUSSION 

A. Free radiative lifetimes and the electronic transition 
moment variation with Internuclear distance 

As will be discussed in Sec. IV B, the excited state of PO 
is not quenched by Ar, He, or the precursor gas at the pres
sures used. Therefore, the average of the six corrected life
times in Table I represents the free radiative lifetime, T" of 
the PO B state (v' = 0) upon pumping in the QI + Q P21 head 
of the (0,0) band. Pumping in the QI + Q P21 head results7 in 
excitation of rotational levels near J' = 27.5. The resulting 
free radiative lifetime28 reported here is 264.8 ± 4.8 ns. This 
result is in excellent agreement with the only previous mea
surement, Tr = 250 ± 10 ns, reported by Clyne and Heav
en.6 They similarly excited the B state in the Q I + Q P 21 head 
of the (0, 0) band. 

In preliminary work we reported that some excited state 
rotational level dependence of the lifetime was observed.8•

21 

The lifetimes were observed to increase slowly by about 10% 
between J' = 5.5 and 20.5. The increase in lifetimes with J' 
could have been attributed to a decrease in electronic transi
tion moment with increasing internuclear distance. Such a 
decrease coupled with centrifugal distortion leads to an in
crease in lifetimes with J' for OH29 and NH. 30 In fact, as will 
be shown shortly, a comparison of the measured vibrational 
band intensities for the v' = 0 progression to calculated 
Franck-Condon factors (FCFs) leads to the conclusion that 
the electronic transition moment indeed does decrease with 
increasing internuclear distance. The lifetimes rapidly de
creased above J' = 20.5, which we could not explain. How
ever, after the decay curves were corrected for waveform 
digitizer distortion, the variation in lifetimes with J' was 
found to be negligible. Results for a few selected rotational 
levels excited in the PI branch31 are shown in Table III. Ar 
carrier was used to obtain the results in the table. Similar 
results are found for He carrier. Note that given the demon
strated standard deviation of ± 4.8 ns for measurements 
from excitation in the QI + Q P21 head, the lifetimes in Table 
III are all the same. The preliminary report of a smooth 
variation in the lifetimes with J' is attributed to the wave
form digitizer distortion coupled with the smooth variation 
in the absolute fluorescence decay curve intensities. 
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TABLE III. Variation of radiative lifetime with rotational level for PO 
(B 21;+, v' = 0)." 

J' Tr (ns) 

5.5 258.6 
11.5 256.6 
15.5 262.5 
18.5 265.3 
21.5 262.4 
24.5 257.3 
27.5 264.3 
30.5 262.9 

"It should be noted that 2 Torr of Ar carrier gas was used in these measure
ments, which may cause some rotational relaxation in the excited state (see 
the text). Excitation was in the PI branch of the (0,0) band. 

Since rotational relaxation in the excited state will tend 
to remove any variation in lifetimes with J', attempts were 
made to measure the lifetimes at very low pressure « 20 
mTorr) to minimize relaxation. (A differentially pumped 
flow system similar to those used previously on OH32 was 
tried.) These attempts failed due to low signal levels. How
ever, one can reasonably argue that the rotational relaxation 
should be far from complete. Studies on OH, NH, CH, ~, 
CN, NCO, and NH2 fluorescence in atmospheric pressure 
flames show that although a large amount of rotational re
distribution does occur, a large fraction of the excited state 
population remains in the originally pumped level. 33 One 
would expect this to be the case at lower pressures as well. 
Therefore, if there were any large variation in lifetimes with 
rotational level (say 10%) one would expect some variation 
in the T r 's of Table III. Two points further support this argu
ment. First, as previously mentioned, similar results for T r vs 
J' were found for - 2 Torr of both Ar and He carrier gases. 
One would expect these gases to have different cross sections 
for rotational transfer. Second, as will be discussed in the 
next section, there is no significant change in the observed 
lifetime with pressure of Ar or He carrier gases over a range 
from 0.5-10 Torr while pumping in theQt + ap2t head. We 
therefore conclude that any variation in Tr with J' must be 
small. McDermid and Laudenslager4 found a similar lack 
of variation for rotational levels in v' = 0 of A 21: + NO. 

The lifetimes exhibit little dependence on the rotational 
level studied but, as previously stated, comparison of the 
observed vibrational band intensities 7 to calculated FCFs 
leads to the conclusion that the electronic transition moment 
decreases as internuclear distance, r, increases. One natural
ly asks the question why no effect is seen on the rotational 
state lifetimes. In order to explain this, we present a deriva
tion of the electronic transition moment variation with rand 
estimate the expected lifetime change with rotational level. 
The derivation closely follows that presented by Crosley and 
Lengel. 35 It is well known that the intensity of fluorescence 
in a given vibrational band, averaged over the rotational lev
els, is proportional to the Einstein band emission coefficients 

(4) 

where h is Planck's constant, c is the speed of light, and Vv'v' 
is the band frequency. The vibrational transition probability 

TABLE IV. Data for the v' = 0 progression in theB-Xsystem of PO. 

Normalized Puv' " qv'v' r(A) 
Vibrational band (measured) (RKRcaJc) (RKRcalc) 

(0,0) 0.9213 ± 0.0071 0.9776 1.47 
(0,1) 0.0720 ± 0.0076 0.0194 1.21 
(0,2) 0.0067 ± 0.0012 0.00285 1.31 
(0,3) Not detected 0.00014 1.15 

"From Ref. 7. 

is given by 

Pv'v' = I (t/lv' IRe (r) I t/lv' ) 12, (S) 

where Re (r) is the electronic transition moment and t/lv' and 
t/lv" are the excited and ground state vibrational wave func
tions, respectively. It is often assumed that Re (r) is constant 
in which case one finds 

(6) 

where the qv·v" are the FCFs for the system. In a better ap
proximation one uses the r centroids 

(7) 
A functional form for Re (r) is then chosen. One of the most 
common is the linear form 

Re(r) = e(l - prj, (8) 

where e and p are constants. Substituting Eq. (8) into Eq. (S), 
one finds 

(9) 

In our earlier measurements of FCFs the assumption of a 
constant Re(r) was made.7 The measured "FCFs" reported 
in Ref. 7 are therefore actually normalized Pv'v" [see Eqs. (4) 
and (6) which were used with the normalization 1:v' q v'v" = 1 
to derive the FCFs]. The qv·v" calculated from the RKR 
curves 7 are actually better representations of the FCFs for 
the system. In addition, the RKR calculation yields results 
for the r-centroids. The normalized Pv'v' from the earlier 
relative intensity measurements, calculated qv.v" and r-cen
troids for the v' = 0 progression are given in Table IV. From 
Eq. (9) it is obvious that a plot oft Pv'v" /qv'v" )1/2 vs rwill yield 
p. Such a plot is given in Fig. 2. The result for p is 
0.577 ± 0.010 A -I. This may be compared to p~0.7 A-I 
for OH35 and p~O.S A -I for NH.36 In order to use this 
result to predict how much the lifetime will vary with J I, one 
notes that lifetimes for an individual v', J' level are given by 

-I ~ v'J' 
TvT = ,£.. A v"J" , (10) 

v".J" 

where the summation over J" extends over all allowed tran
sitions. Here A ~!;. denotes the Einstein emission coefficient 
for an individual rotational transition within the (v' ,v") band. 
The effect of centrifugal distortion on r may be calculated 
for a given rotationalleveP7 using the molecular constants. 
(Here, we assume that since selection rules do not allow J" 
values to be much different than J', it is a reasonable approx
imation for the present purposes to use an average centrifu
gal distortion for the entire set of allowed transitions from a 
given J'.) One finds that J' = 30.S has r only 0.002 A 
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FIG. 2. Plot of (pv.v./quv' )'/2 vs r for the v' = 0 progression of the B-X 
transition of PO. 

longer than J I = 0.5 for B state PO. Now, since most of the 
emission from v' = 0 is in the (0,0) band (see Table IV) the 
effects of this amount of centrifugal stretching on'T, may be 
readily estimated by assuming that Hor J' = 0.5 is -1.470 
A (from Table IV) and r for J' = 30.5 is -1.472 A. The 
relative values of R!( T) for each J' are readily calculated 
from Eq. (9). One findsR !( T) drops by only about 2% as one 
increases J I from 0.5 to 30.5. Thus, 'T, is expected to increase 
by only about 2% in this range of J'. This is too small an 
effect to observe in our experiments. It is, therefore, not sur
prising that 'T, exhibits negligible dependence on J ' . Since 
centrifugal stretching is much larger for hydrides, the effect 
on the lifetimes is observed. 

The results of Smyth and Mallard 10 deserve some com
ment in regard to the r dependence of the electronic transi
tion moment. The two photon ionization spectrum of the B
X system of PO, where the first photon excited the B state 
and the second caused ionization of this state, was studied in 
an atmospheric pressure flame in their work. The intensities 
of bandheads within a number of vibrational bands were 
measured. In order to determine the relative cross section for 
the ionization step, the intensity dependence of the absorp
tion cross section for the first photon was factored out by 
dividing the observed intensities by ~'v' qv'v" The qv'v' were 
calculated using RKR curves. Heads of the (5,4) and (6,5) 
transitions appeared to have abnormally high ionization 
cross sections in comparison to heads of other bands. Smyth 
and Mallard tentatively ascribed these high cross sections to 
the excitation of autoionizing states. Several warnings were 
given concerning their tentative interpretation. One of these 
was that it is rather difficult to calculate small FCFs for large 
values of v' and v" with a high level of accuracy. This prob
lem results because the FCFs represent the difference in the 
overlap integral of two wave functions with many positive 
and negative contributions. Indeed, although our RKR cal
culations yield results for the v' = 0 progression which agree 
very well with those in Ref. lO, results for the (5,4) and (6,5) 

bands do not agree nearly so well. Smyth and Mallard ob
tained qv'v' values of 4.76 X lO-3 and 1.49 X lO-4 while we 
obtain 7.17X lO-3 and 1.83X lO-4, respectively, for these 
bands. Note that these values disagree by almost a factor of 
2 in the case ofthe (5,4) band.38 Thus, there is indeed some 
difficulty in computing these small FCFs accurately. But 
Smyth and Mallard point out qS,4 and q6,s would have to be 
low by 2-3 orders of magnitude to explain the anomalously 
large ionization cross sections found for heads of these 
bands. The agreement between the two calculations is much 
better than this. However, it is the Pv'v' which should be used 
for calculation of relative cross sections for absorption of the 
first photon, rather than qv'v" Our RKR calculations yield 
r-centroids for the (5,3), (5,4), (5,5), (6,4), (6,5), and (6,6) 

bands of 1.51,2.33, 1.53, 1.55,6.80, and 1.54 A, respective
ly.39 Using Eq. (9), one finds the ionization cross sections 
determined by Smyth and Mallard for heads within the (6,5) 
band should be reduced by a factor of about 700 relative to 
cross sections for the (6,4) and (6,6) bandheads. Thus, the 
very large ionization cross section modulation for the v' = 6 
progression is removed. Ionization cross sections for the (5,4) 
bandheads are reduced by only about a factor of 8 relative to 
those for the (5,3) and (5,5) heads. The large intensity modu
lation is not entirely removed for heads in the v' = 5 progres
sion, but it is very much reduced. In fact, the ionization cross 
section for one ofthe heads of the (5,4) band fits very nicely 
into the sequence for v' = 5. It is, therefore, highly likely that 
the dependence of the electronic transition moment on inter
nuclear distance, rather than autoionization, is responsible 
for the high intensities ofthe (5,4) and (6,5) bands, 

B. Quenching of B 2:1; + PO 

Quenching rates for B 2:1; + PO were measured for Ar, 
He, N2, CO2, H20, and 02' All of the quenching measure
ments were made upon excitation in the Q, + Qp21 head of 
the (0,0) band which populates excited state levels near 
N I = 27. Lifetimes were measured as a function of pressure. 
These were then fitted using the nonlinear least squares rou
tine to the Stern-Volmer equation cast in the form 

'T=(lh,+kq P)-', (11) 

where 'T is the observed lifetime, kg is the quenching rate 
constant, and P is the quencher partial pressure. Both 'T, and 
kq are fitted constants, as they are in the more usual linear 
least squares fits totheinverseformof(II).40For Ar and He, 
the lifetimes were determined simply by using Ar or He as 
inert carrier and varying the carrier gas pressure over the 
range 0.5-lO Torr. No variation in the lifetimes was ob
served within error limits. Therefore, only upper limits to 
the inert gas quenching rates could be determined. The pos
sibility of quenching by the DMMP precursor, or its micro
wave products, was also checked. This was done by varying 
flow conditions so that the DMMP partial pressure changed 
at least a factor of 2 (verified by observing the PO signal 
level). No effect on the lifetime was observed. This is not 
surprising since the DMMP partial pressure is less than 1 
mTorr. Lifetimes for the other gases were measured by using 
- 2 Torr of Ar as the carrier gas and adding the desired 
quenching gas (N2, CO2, H20, or O2 ) to the flow. The results 
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were similarly fitted to Eq. (11). A few runs were plotted in 
linear form for purposes of presentation. Results for repre
sentative runs for N2, CO2, and H 20 are shown in Fig. 3. The 
results for all of the gases are summarized in Table V. 

There are several comments to make regarding Table V. 
First, as mentioned earlier, these results differ by up to 15% 
from those given in our preliminary paper21 because the sys
tematic effects of waveform digitizer distortion were not pre
viously taken into account. Second, kq for N2 is in reasonable 
agreement with the result of Clyne and Heaven,6 

2.7 ± 0.1 X 10- 10 cm3/molecule s. Third, results for the mo
lecular species are all very close to the hard sphere collisional 
rate constants. On the other hand, quenching constants for 
the inert, monatomic gases are quite small. This is usually 
found to be the case for quenching of diatomic molecules by 
inert gases. Finally, the result for O2 has a very large error 
limit because O2 was found to react with ground state PO, as 
will be discussed further in the next section. The experiments 
had to be restricted to O2 pressures of 60 mTorr or less in 
order to achieve usable signal levels. The large error limit is 
the result of the lower signal levels and the smaller pressure 
range used. 

TABLE V. Quenching rate constants for atmospheric gases (300 K). 

Quencher kQ (cqt3/molecule s) 

3.28±0.12XIO 10 

2.19 ± 0.09 X 10- 10 

8.44 ± 0.29 X 10- 10 

5.7 ± 1.2x 10- 10 

<8.0X 10- 13 

<3.0X 10- 12 

c. Reaction of X 2 11" PO with O2 

As noted in the previous section, ground state PO was 
found to react with O2, This is known to be the case because 
10 , the fluorescence intensity at the laser pulse, was found to 
decrease sharply when small aJ;Ilounts of O2 were added to 
the system. (Note that the decr~e in 10 cannot be attributed 
to excited state reactions since such reactions merely affect 
the excited state quenching rate.) No significant reaction was 
observed for any of the other quenching gases. It is interest
ing to note that in.their first attempts to make PO for LEF 
studies Clyne and Heaven6 used a microwave discharge in 
O2 to make Oe P I atoms. They then attempted to make PO by 
reacting the 0 atoms with PH3• However, no LEF of PO 
could be found in this way and a different method for PO 
production had to be used. The original attempts probably 
failed because of the reaction of PO with O2, A yellow-green 
chemiluminescence was observed in the region where 0 
atoms and PH3 were mixed. The mixing region was up
stream from the laser probe region. The chemiluminescence 
was probably similar to that seen by VanZee and Khans and 
ascribed to the (POlt excimer. One would speculate that PO 
is also present in this region since VanZee and Khan ob
served its emission there. 

In the present experiments the concentrations of O2 
used were much higher than the concentration of PO, esti
mated at _1012 cm -3. In addition, the partial pressure of Ar 
carrier gas, - 2.4 Torr, was much higher than the highest O2 

pressure used. Thus, the overall pressure and flow rate does 
not vary appreciably with 02.partial pressure. It seems ~ea
sonable to assume that the loss of PO is due to the reactIOn 

PO + 02-P02 + O. (12) 

Since the concentrations of O2 used were much greater than 
that of PO, Reaction (12) is in the pseudo-first-order regime. 
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FIG. 4. Plot ofln(Io) vs partial pressure ofOz at a constant input concentra
tion of PO and laser flux. 

One may easily show that given these assumptions and a 
constant input pressure of PO, a plot ofln( fo) vs pressure of 
O2 should have a slope of kr at.41 Here kr is the reaction rate 
constant of (12) at our measured temperature of 303 ± 5 K 
and at is the contact time of the reactants, that is, the time it 
takes the gases to flow from the point of addition of O2 to the 
point at which the fluorescence is excited by the laser. Thus, 
the present results may be used to yield a crude estimate of 
the reaction rate constant. An example plot for one of the 
runs made is shown in Fig. 4. (The zero O2 pressure point 
was not measured in this run because of dynamic range prob
lems in the detection system. A separate run over the range 
of 0-30 mTorr was made and indicates that the zero O2 inter
cept is at the correct point.) A rough estimate of the flow rate 
was made using a rotameter. The flow rate implies a contact 
time of - 6 ms for the experimental conditions. This mea
surement is believed to be good to within a factor of 2. The 
resulting rate constant is shown in Table VI and compared to 
the only other known measurements. The present result is in 
excellent agreement with a prior flow system measurement 
by Aleksandrov et al.42 However, Sausa et al.,9(b) in work 
performed at our laboratory, photolyzed DMMP in the 
presence of O2 using a KrF laser to produce PO. The PO was 
monitored as a function of time after the laser pulse using 
LEF in the A-X system. They obtained a rate constant about 

TABLE VI. Measured reaction rate constants for PO + Oz->products at 
-300K. 

k, (cm3/molecule s) 

2.2 ± LOX 10- 13 

1.1 X 10- 11 

2:':~X 10- 13 

Source 

Aleksandrov et al. (Ref. 42) 
Sausa et al. [Ref. 9(b)] 
Present work 

50 times larger than the flow system measurements. At pres
ent we are unable to explain the discrepancy in these results. 

A possible systematic error which could lead to rate 
constants which are too small in the flow system measure
ments is the depletion of the O2 concentration prior to (or 
during) the reaction. One way the O2 could be depleted is if 
the microwave discharge region reached downstream to the 
addition point of the O2 resulting in conversion to 0 atoms. 
We checked for this possibility by placing a metal collar 
around the quartz tube in which the discharge was sustained, 
downstream from the discharge cavity. We noted by visual 
inspection of the emission that the collar effectively blocked 
the discharge from extending downstream. The rate con
stant obtained with this configuration was identical to that 
without the collar. Therefore, we concluded that the O2 con
centration was not affected by the discharge. A second way 
the O2 could be depleted is if enough highly reactive atoms or 
radicals are formed in the discharge to significantly alter the 
O2 concentration. However, the pressure ofDMMP precur
sor used in the present experiments ( < 1 mTorr) was much 
lower than the pressures of O2 used (10-60 mTorr). It there
fore seems unlikely that there could be significant depletion 
by precursor products. Unfortunately, Aleksandrov et al. do 
not give enough details concerning precursor pressures to 
tell whether microwave products could possibly have affect
ed their O2 concentrations significantly. However, it is 
worth noting that the precursors used to study reaction (12) 
were quite different than that of the present work. 

It should be noted that the time scales and O2 partial 
pressures used in the two flow system measurements were 
similar. The photolysis-LEF experiment was performed us
ing a much shorter time scale (- 2 ,us) and much higher 
pressures (DMMP -300 mTorr, 0 2 1-10 Torr). In all cases 
the data were interpreted under the assumption that only 
reaction (12) is responsible for the loss of PO. However, if the 
reaction mechanism is more complicated than assumed, the 
difference in time scales and pressure ranges used may ac
count for the discrepancy. We attempted to investigate this 
question by considering other possible mechanisms, but 
quickly ran into trouble after only two or three reactions 
because the products were not known. (Some possibilities are 
discussed in Ref. 42 and references therein.) A very simple 
mechanism, namely reaction (12) and its reverse followed by 

P02 + 0z-products (13) 

was tried. If the experimental conditions were such that re
action (13) was very slow in comparison to the equilibration 
of reaction (12), then perhaps PO and POz are in a super
equilibrium.43 The forward rate constant measured for reac
tion (12) would then be affected by the rate of reaction (13). 
Because of the comparatively long time scales used in the 
flow system vs photolysis measurements, we investigated 
this possibility. We noted that 0 atoms may be a product of 
reaction (13), but assumed the reaction is slow enough that it 
does not appreciably contribute to their concentration. We 
first tried the assumption that reaction (12) proceeds to equi
libration and no further reactions occur. We later tried the 
assumption that reaction (12) proceeds rapidly to equilibri
um and reaction (13) then occurs slowly. The functional 
forms found for (PO) vs (02) in either case do not fit the 
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observed data at all. In addition, recall that the correct zero 
[02] intercept was observed for plots similar to Fig. 4 for the 
range 0-30 mTorr. This fact makes hypothetical arguments 
that PO may quickly reach a super equilibrium according to 
some mechanism of very fast reactions, and that some key 
species in the super equilibrium with PO is then slowly de
stroyed in another reaction, seem unlikely. We conclude that 
if a global mechanism leads to systematically small values of 
kr in the flow system studies, it must be rather complicated. 
Further experimentation will be necessary to resolve the dis
crepancy in results. 

In view of the fact that Van Zee and Khans observed 
strong emission of HPO upon buming phosphorus in air 
with a trace of added H 20, it was initially surprising to us 
that no reaction of PO with H 20 was observed. The heats of 
reaction of PO with O2 and H 20 explain the results. Using 
the tables compiled by Benson44 and AHf,298 K of 
P02 = - 60.5 ± 2.9 kcal/mol from the work of Guido et 
01.,45 one finds that AHr•298 K for reaction (12) is 1.6 ± 4.0 
kcaVmol, that is, the reaction is thermoneutral within error 
limits. If the activation energy is small, reaction at room 
temperature is quite possible. On the other hand, one may 
show that 

(14) 

is quite endothermic. The heat of formation of HPO was not 
readily available to us. One may place a lower limit on this 
heat of formation of about 0 kcaVmol by making the as
sumption that the H-P bond dissociation energy in HPO is 
less than that of the H-N bond in HNO. Using this lower 
limit one finds that reaction (14) is at least 70 kcaVmol endo
thermic. It is, therefore, not surprising that no reaction was 
observed at room temperature. 

v. CONCLUSIONS 

Lifetimes and quenching rate constants of B 2~ + PO by 
atmospheric constituents were measured. Quenching by the 
molecular species is found to approach the gas kinetic colli
sion frequency. Quenching by Ar and He inert gases is, not 
surprisingly, found to be much slower. These measurements, 
coupled with earlier relative intensity measurements,7 

should make it possible to quantitatively determine concen
trations of PO formed by laser photolysis of organophos
phorus compounds in the atmosphere. Either absorption or 
LEF techniques could be used. It would be of interest to 
compare the interactions of excited state PO to those of NO 
(although the A 2~ + state of NO is not analogous to the 
B 2~ + state of PO, as one might at first think). 

The discrepancy in measured reaction rate constants for 
PO + O2 ---+ P02 + 0 between the two flow system results 
and the photolysis measurement is not understood. This re
action should be studied further because of its analogy to the 
NO + O2 ---+ N02 + 0 reaction. The latter is known46 to be 
very slow below 1000 K, primarily because the reaction is 
about 46 kcaVmol endothermic. 

Note added in proof: The rate constant for reaction (12) 
has recently been measured [So R. Long, S. D. Christesen, 
and A. P. Force (to be published)) with an apparatus very 
similar to that used in Ref. 9(b). Instead ofthe KrF excimer 

laser, a CO2 laser was used as the photolysis source to make 
PO. The pressures and time scales were similar to those of 
Ref. 9(b). The resulting rate constant is 2 X 10- 11 cm3/mole
cule S. 
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