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Spin-Orbit and Vibrational Relaxation Rate Constants and Radiative Lifetimes for W′)0-5
Levels of PF(A3Π0,1,2) Molecules†
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One-photon laser excitation of PF(X3Σ-) molecules generated in a discharge-flow reactor was used to prepare
PF(A3Π0,1,2) molecules in selected vibrational and spin-orbit levels. The radiative lifetimes, collisional
relaxational mechanisms, and state-to-state rate constants for spin-orbit and vibrational relaxation were assigned
in He and Ar bath gas forV′)0-5 levels at 300 K. The radiative lifetimes, which are independent of the
spin-orbit quantum number,Ω, decrease from 4.2 to 1.8µs forV′)0-5. The spin-orbit relaxation mechanisms
in He and in Ar are independent ofV′ level to within the experimental uncertainty. However, the actual rate
constants for spin-orbit relaxation are different in He and Ar. In He the rate constant for∆Ω)-2 change
are 2-fold larger than those for∆Ω)-1, whereas in Ar the order is reversed and the rate constants for
∆Ω)-1 change are larger than the rate constant for∆Ω)-2 change. Furthermore, in Ar the rate constant
for ∆Ω)-1 transfer is much larger for3Π1f3Π0 than for 3Π2f3Π1. Although the vibrational relaxation
mechanisms in He and Ar have different degrees of involvement of the spin-orbit states, the overall vibrational
deactivation rate constants are similar in He and Ar and both increase with vibrational level.

Introduction

The metastable a1∆ states of the diatomic molecules that are
isovalent with O2 have been investigated extensively because
of their promise as gas phase, energy storage systems.1,2 The
O2 (a1∆), NF (a1∆), and NCl (a1∆) molecules are especially
useful because large concentrations can be generated chem-
ically.3-5 In principle, the PF molecule also could be an
interesting energy storage system, and it has the added
advantage, relative to NF and NCl, that the PF(A3Π0,1,2) and
PF(d1Π) states (with theσ2π 4π*1σ*1 configuration) are bound
and facilitate monitoring of PF(X3Σ-) and PF(a1∆) concentra-
tions by laser-induced fluorescence. These PF(A3Π0,1,2and d1Π)
states, which have lifetimes of 4 and 1µs, respectively, could
themselves be laser candidates. Unfortunately, as for the
isovalent SO(A3Π) state,6-8 the PF(A3Π and d1Π) states are
readily quenched9 and practical applications seem unlikely, even
though an energy-pooling reaction between PF(b1Σ+) and
NF(b1Σ+) giving PF(A3Π) was discovered.10 Another unsolved
problem is the chemical generation of high concentrations of
PF(b1Σ+ or a1∆) molecules.11 As the final part of a program9-13

to investigate the PF chemical system, we now wish to report
a study of the spin-orbit relaxation of the PF(A3Π0,1,2) states
for V′)0-4 and vibrational relaxation forV′)1-5 in He and
Ar at 300 K. The radiative lifetimes of theV′)0-5 levels also
were measured. These data augment our earlier report9 of the
spin-orbit relaxation mechanism for PF(A3Π0,1,2),V′)0. The
electronic quenching rates for PF(A3Π) by He and Ar are

negligibly small for the pressures used here, and electronic
quenching does not need to be considered.9

The PF(A3Π0,1,2) molecule provides a convenient case for
assignment of rate constants for collisional relaxation among
the3Π0(F1), 3Π1(F2)P, and3Π2(F3) spin-orbit states, which are
separated by about 142 cm-1. The PF(A) state is a good example
of Hund’s case (a) coupling, since the spin-orbit constant
(A)142 cm-1) is much larger than the rotational constant (0.45
cm-1).13 Populations in individual spin-
orbit states can be prepared by one-photon absorption from
PF(X3Σ-,V′′)0) molecules, which are conveniently generated
in a discharge-flow reactor.9 The PF(AfX) fluorescence can
be resolved with a monochromator and collisional transfer to
lower vibrational levels and/or transfer to spin-orbit states of
the same or lower vibrational level can be observed as a function
of He or Ar pressures, which serve as carrier gases in the flow
reactor. The rotational relaxation rates are sufficiently rapid that
the initially prepared spin-orbit state attains a thermal rotational
distribution before spin-orbit relaxation occurs.14 Thus, no
information about final rotational orΛ-doublet states from the
spin-orbit transfer event can be deduced from the present
experiments, and the question of formation of high rotational
states with minimization of the translational energy defect15 in
the ∆Ω ) -1 or -2 processes cannot be directly answered.
On the other hand, the role of the spin-orbit states in the
vibrational relaxation mechanism of PF(A3Π,V′g1) molecules,
ωe ) 436 cm-1 can be investigated. As illustrated in Figure 1,
the3Π0 level of theV′+1 state is∼150 cm-1 above the3Π2(V′)
level. Thus, vibrational relaxation can proceed with con-
servation ofΩ with a large energy defect or by change inΩ
with a smaller energy defect. As shown in Figure 1, five rate
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constants were used to describe the relaxation for each
vibrational level; these are the purely spin-orbit relaxation rate
constants,kv

2,1, kv
2,0, andkv

1,0, plus the vibrational relaxation
rate constants,k(3Πi(V′)f3Π i(V′-1)), without change inΩ and
vibrational relaxation from theΩ)0 state to the nearestV′-1
state, k(3Π0(V′)f3Π2(V′-1)). The k(3Πi(VΠ′) f 3Πi(V′-1))
values fori ) 0, 1, and 2 were assumed to be equal; the other
∆V′)-1 processes with∆Ω*0 were assumed to be negligible
because of the larger energy defects. The rate constants for
reverse processes are determined by detailed balance; thus
k(3Π2(V′)f(3Π0(V′+1)) is determined by analysis of the relax-
ation of the3Π0(V′+1) level.

According to a model based on first-order perturbation
theory16 with an interaction potential between PF(A) and He or
Ar determined by electrostatic forces, a direct coupling exists
between theΩ ) 0 and 2 states. In the first-order perturbation
limit, the component of the electron spin angular momentum,
Σ(h/2π), that is coupled to the PF internuclear axis should not
change during a collision.16-19 Therefore, the transfer of
population between theΩ ) 2 and 0 states by collisional
reorientation of the orbital angular momentum,Λ(h/2π), should
have a faster rate than the transfer of population fromΩ)2 to
Ω)1 or fromΩ)1 to Ω ) 0 or 2. Although experimental data
for 3Π0,1,2molecules with fully developed case (a) coupling are
scarce, results for PF(A3Π,V′)0),9 SO(A3Π,V′)0),6-8 and
PH(A3Π,V′)0)18 suggest that the above prediction is not
rigorously followed even for collisions with He. For molecules
such as NH(A3Π)19 and PH(A3Π)18, the change from case (a)
coupling for low J rotational levels to case (b) for higher
rotational levels complicates use of the propensity rules that
might be appropriate for strict Hund’s case (a) or (b) coupling.
The mixing of the case (a) basis set wave functions for PF(A)
is less than 3% forN)35. Thus, the PF(A3Π) molecule is
adequately described by Hund’s case (a) coupling for the whole
range of rotational levels (Ne35) populated at room temperature,
and it provides a good test of the propensity rules for3Π-state
molecules with Hund’s case (a) typing coupling. The present

study refines the rate constants previously published for
PF(A3Π,V′)0)9 and extends the results up toV′)4 for He and
V′)5 for Ar. Within the experimental uncertainty, the spin-
orbit relaxation mechanism does not depend on vibrational level.
Since the vibrational relaxation rates in He and Ar are∼5 times
slower than the spin-orbit relaxation rates, the role of the spin-
orbit states in the vibrational relaxation mechanism could be
characterized. The model for∆V′)-1 relaxation includes
processes that conserve theΩ quantum number plus processes
that transfer population from3Π0(V′) to 3Π 2(V′-1) levels. It
was not necessary to include vibrational relaxation steps with
∆Ω)(1 changes, but the present experiments do not necessarily
exclude small rate constants for those processes.

Experimental Methods

The experimental results to be reported were obtained with
the same apparatus that was described in detail in ref 9. The
PF(X3Σ-) concentration was generated by passing a flow of
PF3 in He or in Ar through a microwave powered discharge.
The PF(A3Π) molecules were excited to selectedV′ andΩ states
by the frequency-doubled output of the Lambda Phyzik dye laser
pumped by a 10 Hz YAG laser. For the desired wavelength
range (341-335 nm), the pulse energy was typically 1-2 mJ
with a pulse duration of 10 ns and a bandwidth of 0.4 cm-1.
The PF(A) fluorescence was observed with a 1 mmonochro-
mator fitted with a 500 nm blazed grating (1200 lines mm),
usually used in the second order, and a Hamamatsu R-955
photomultiplier tube. The variation of the response of the
detection system with wavelength was calibrated with standard
deuterium or quartz-iodine lamps. In most experiments the
excitation wavelength was chosen to give the maximum
fluorescence signal. For a A3Π0,1,2rX3Σ- transition, the F3 and
F1 components have nine rotational branches and the F2

component only six branches. Therefore, different features were
used as excitation wavelengths for the F1, F2, and F3 compo-
nents. Examples of typical excitation spectra can be found in
refs 9 and 13. For excitation of the F2 component, the laser
wavelength was chosen to be the same as the wavelength of
the bandhead of the R21 rotational branch. With this choice of
excitation wavelength and for a laser bandwidth of 0.4 cm-1,
the number of rotational levels prepared by a laser pulse is less
than five and centered atJ′∼9. The value ofJ′ at which the
R21 bandhead is formed slowly decreases asV′ increases. For
the F3 and F1 components, the excitation wavelengths were
chosen to be close to the wavelengths of the R32 and R12

bandheads, respectively, usually slightly to the red from these
features. In this case, rotational levels withJ′<6 are excited.
Since B′′(0)-B′(V′) changes withV′, the laser wavelength can
accidently overlap rotational lines from the R1 and Q1 branches,
in which case one or two rotational levels with highJ′ were
prepared in addition to the range of rotational levels withJ′<6.
Although only low rotationally levels were initially excited, full
rotational relaxation (Nmp)15 at 300 K) was verified by
observing the development of the shape of the emission bands14

from a givenV′, Ω level from spectra acquired with different
time gates. Except for thek1,0 values in Ar, vide infra, the
rotational relaxation rates within a givenΩ state are an order
of magnitude faster than the spin-orbit or vibrational relaxation
rates.

The time-resolved data consist of decay profiles from the
initially prepared PF(3ΠΩ,V′) level plus growth and decay
profiles of individual product levels for various He and Ar
pressures. A time profile normally could be acquired with 1000
laser pulses. Additional data consisted of time-integrated

Figure 1. Schematic representation of the spin-orbit and vibrational
levels of PF(A3Π) with definition of the rate constants used in the model
for collisional relaxation. The energy separation between the spin-
orbit levels is 142 cm-1 and the separation between the3Π0(V′) and
3Π2(V′-1) levels is 152 cm-1.The potentials for the PF(X3Σ-, a1∆, b1Σ+

and A3Π) states are also shown.
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fluorescence spectra acquired at different pressures. The inte-
grated fluorescence intensities of the individualV′′ bands from
a given3ΠΩ,V′ level were converted to relative concentrations
using the appropriate radiative branching fractions.13

The signal from the photomultiplier tube was recorded with
a Hewlett-Packard digital scope (500 MHz). The waveforms
were transformed to a computer and stored. Fluorescence spectra
were obtained by slowly scanning the monochromator with
integration of the waveforms, as the laser provided constant
energy pulses. Some integrated fluorescence spectra (typically
with a 0-10 µs time gate) from excitation ofV′)2 for several
pressures of He are shown in Figures 2 and 3. The strongest
band in theV′′ progressions always is toV′′)0. The typical
resolution of the monochromator was 0.4-0.8 nm.

Experimental Results

A. Radiative Lifetimes and Overall Vibrational Relaxation
Rate Constants in He and Ar. Radiative lifetimes were
measured for a 300 K Boltzmann distribution of rotational levels
of a givenV′, Ω state, because the rotational relaxation rate is
faster than spin-orbit and vibrational relaxation rates, as
discussed in the Experimental Section. The rate constants of
the reverse processes were fixed using the detailed-balance
principle. The energy gap between the spin-orbit states was
taken as the spin-orbit constant, which is∼142 cm-1. We
neglected the fact thatJ)0 level does not exist forΩ)1 and
J)0 and 1 levels do not exist forΩ)2. Considering the
relatively large number of populated rotational levels at 300 K,
ignoring the absence of these three rotational levels is not
serious. The detailed balance principle gives the ratio of
constants for3Π2a3Π1 and 3Π 1a3Π0 as 0.51 and 0.48 for
3Π2(V′+1)a3Π0 (V′). Stated in another way, the ratio of
equilibrium populations in adjacent levels shown in Figure 1
should be approximately 0.5 at room temperature.

An experiment was done to confirm the lifetime reported in
ref 9 for V′)0. The emission from excitation of the3Π0(V′)0)
state at 2.0 Torr of Ar was collected using a band-pass filter
that passed the fluorescence from all three spin-orbit states.
This waveform represents radiative decay of the total population,
since electronic quenching is negligible at this pressure and

vibrational relaxation can be neglected. The slope of the
semilogarithmic plot of the decay waveform gave a decay
lifetime of 4.2( 0.2 µs, which is in excellent agreement with
the result from ref 9.

Radiative lifetimes forV′>0 levels were measured using three
different methods. Direct determination of the radiative lifetimes
from very low-pressure experiments, where the sum of the first-
order relaxation rate constants are much smaller than the
radiative rate constant, was attempted. Experiments were limited
to pressures>0.3 Torr of Ar or He carrier gas because the
microwave discharge was unstable at lower pressures. Emission
spectra forV′)2-5 collected at 1.0 Torr of He, see Figure 2,
showed that the extent of spin-orbit and vibrational relaxation
was small, confirming that most of the population in the initially
prepared level decays radiatively at this pressure. Waveforms
from excitation of the3Π0(V′)1-5) states with observation of
the fluorescence from the same initial state via the monochro-
mator were collected at 0.3 Torr, and decay rate constants
calculated using these waveforms were used as the first
approximation for the radiative decay rate constants in the initial
fitting of the ratio of relative emission intensities. After spin-
orbit rate constants were assigned, the radiative decay rate
constants were recalculated and the iteration repeated. This was
a fast converging process, since the initial approximation for
the radiative rate constant from the waveforms collected at 0.3
Torr is already within 80-85% of its true value. Experiments
also were done with excitation of3Π2(V′) and3Π1(V′) in He at
0.3 Torr to show that the radiative lifetimes were independent
of Ω.

Figure 2. Integrated fluorescence spectrum following excitation of
PF(A3Π0,V′)2) in 1 Torr of He. The majority of the fluorescence from
V′)2 is to V′′)0. Note the small degree of spin-orbit and vibrational
relaxation at 1 Torr of He.

Figure 3. Representative integrated fluorescence spectra at 4 Torr
pressure of He following excitation of the3Π0, 3Π1 and3Π2 levels for
V′)2. The asterisk denotes the band that was utilized for excitation by
the laser. Both vibrational and spin-orbit state relaxation are evident
at 4 Torr of He.
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In the second approach, waveforms from excitation of the
3Π2(V′)2-4) states with observation of the fluorescence from
the initial, Ω ) 2 state via the monochromator were collected
at different pressures. The initial part of the decay waveforms
was used to determine the total removal rate constants; see
Figure 4a. These total removal rate constants were plotted vs
pressure and the intercept of this plot was taken as the radiative
decay rate constant of a given vibrational level. Some typical
data are shown in Figure 4b, and thekHe

tot values for the3Π2

states are listed in Table 1. These experiments were not done
with Ar.

Radiative lifetimes and overall vibrational relaxation rate
constants were obtained by analyzing the decay waveforms in
the time domain where the three spin-orbit states were
collisionally coupled. For excitation ofV′>1, vibrational
relaxation can be considered irreversible because of the large
pool of states below the initially prepared level, and because
the reverse processes are endothermic and hence have smaller
rate constants. Since the vibrational relaxation was considered
to be irreversible, the kinetics of the spin-orbit relaxation was
described by a system of first-order linear differential equations.
Solutions of these equations are linear combinations of expo-
nential terms with decay constants,λ1, λ2, and λ3, which are

eigenvalues of the corresponding rate matrix. One of these decay
constants, which we arbitrarily chose to beλ3, is significantly
smaller than the other two, and it is the rate constant for the
decay of the total3Π2, 3Π1, and 3Π0 population in a givenV′
level. For times longer thanλ1t and λ2t >1, only the slow
component survives, andλ3 can be found from the analysis of
waveforms for these longer times. In this limit, the slopes of
the semilogarithmic plot of the3Π0,1,2waveforms from excitation
of any of the3Π0,1,2 initial states are the same and equal toλ3,
e.g., the populations in the spin-orbit states have their equi-
librium values as shown in Figure 5a. The intercept of the plot
of the λ3 values vs pressure gives the radiative lifetime, see
Figure 5b. The radiative lifetimes measured by the three methods
for V′)2 were 2.7, 2.5, and 2.4µs. Radiative lifetimes
determined by all three methods were in good agreement;
however, the low-pressure measurement is the most direct, and
these are the recommended lifetimes listed in Table 1.

To obtain more reliable values of the slopes for theλ3 vs
pressure plots, zero pressure intercepts corresponding to the best
radiative lifetimes were added to the Stern-Volmer plots, such
as shown in Figure 5b. The slope of theλ3 vs pressure plots
provide the overall rate constants for vibrational relaxation, and
these values are given in Table 1 askHe

vib andkAr
vib. These rate

constants for vibrational relaxation do increase withV′, and the
values for He and Ar are similar. Thekv

tot values in Table 1
can be compared tokv

vib values for He. The difference between
kv

tot and kv
vib provide a rough measure ofk2,1+k2,0, since the

rate constant for electronic quenching is negligible.
B.1. Spin-Orbit and State-Resolved Vibrational Relax-

ation Rate Constants in He.Analysis of the data given in ref
9 was repeated to confirm the mechanism and rate constants
assigned to spin-orbit relaxation for V′)0. For this level,
vibrational relaxation can be neglected because collisional
excitation toV′)1 is endoergic and attention can be focused on
just k2,0, k2,1, and k1,0. In the present analysis, the pressure
dependence of the ratio of the concentrations in the3Π0, 3Π1,
and3Π2 levels was used together with the time dependent data
to assign the rate constants. Thek2,1, k2,0, andk1,0 values, which
are given in Table 2, confirm the basic mechanism assigned
previously.9 However, thek1,0 ) 0.80× 10-11 value is preferred
rather than previous assignment of 0.50× 10-11 cm3 s-1. The
2-fold larger value fork1,0 vs k2,1 is a real difference, which
should be noted.

Following the refinement of the rate constants forV′)0, a
comprehensive effort14 was made to study the spin-orbit
relaxation ofV′)2. Two types of measurements were made to
determine the rate constants. Emission spectra from excitation
of each of the spin-orbit states were collected for He pressures

Figure 4. Total decay constants of PF(A3Π2,V′ ) 2 and 4). (a) A
representative waveform, on a logarithmic scale, for the decay of
PF(A3Π2,V′)2) in 1.1 Torr of He. The total first-order loss of population
from 3Π2,V′)2 was obtained by fitting the 0-1 µs part of the waveform.
(b) Stern-Volmer plot of the short-time, decay constants of PF(A3Π2,
V′ ) 2) vs He pressure. (c) Stern-Volmer plot of the short-time decay
constants of PF(A3Π2,V′)4) vs He pressure. The slopes and intercepts
of these plots give the total relaxation rate constants and the radiative
lifetimes, respectively.

TABLE 1: Radiative Lifetimes, Overall Vibrational
Deactivation Rate Constants and Total quenching
constantsa,b (in He) for PF(A3Π)

vibrational level τc (µs) kHe
vib kHe

tot kAr
vib

0 4.2( 0.2
1 3.2( 0.2 1.5( 0.2d 1.4( 0.2d

2 2.7( 0.2 2.2( 0.3 15( 1 3.1( 0.2
3 2.4( 0.1 3.2( 0.5 17( 2
4 2.0( 0.1 3.6( 0.5 19( 2 3.9( 0.5e

5 1.8( 0.1 6.1( 1.0

a In units of 10-12 cm3 molecule-1 s-1. b The total relaxation rate
constant is the sum ofkHe

vib + kHe
2,1 + kHe

2,0 for 3Π2(V′) states.c The
radiative lifetimes are the same for the threeΩ states of the sameV′
level. d Results from ref 9; however, these values for the rate constants
were confirmed in the present work.e Although this was the value
obtained from the Stern-Volmer plot, the fitting of the state-resolved
vibrational relaxation data favored a larger value forkAr

vib.
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of 1 to 4 Torr with an integration time of 0-10µs. These spectra
were augmented by time-resolved observation following excita-
tion of the individualΩ ) 0, 1, and 2 levels with measurement
of the growth and decay of the populations in the two other
levels and decay from the parent level. The mechanism required
both ∆Ω ) 1 and 2 rates and the best values fork2,0, k2,1, and
k1,0 were nearly the same as forV′)0. Less extensive experi-
ments were done forV′ ) 3 and 4, which confirmed that the
spin-orbit relaxation mechanism was invariant with vibrational
level. The assigned rate constants forV′)0-4 are summarized

in Table 2, and the methodology used for analysis of theV′)2
data is described in more detail below.

Assignment of the spin-orbit rate constants forV′>0 had to
be done simultaneously with consideration of the vibrational
relaxation rate constants, since the vibrational relaxation rates
are not negligible compared to the spin-orbit relaxation rates,
as illustrated by the spectra in Figures 2 and 3. The total
vibrational relaxation rate constant,kvib

He(2), was obtained by
analysis of the decay of collisionally coupled spin-orbit states,
as described in section A. Thesekvib

He(v) values are the
Boltzmann average effective rate constant for the three3Π 0,1,2

levels. As a first approximation, it was assumed that removal
of the population from a given spin-orbit state due to vibrational
relaxation does not depend onΩ. In this approximation, we
replaced radiative decay rate constants by the experimentally
measured values ofλ3 ) τv

-1 + [He]kvib
He(V) and then obtained

spin-orbit relaxation rate constants by simulation of the relative
band intensities for the3Π2,1,0 levels for various pressures
following excitation of the individual levels; see Figure 3 for
sample spectra. As the final check, kinetic simulations of the
waveforms following excitation of3Π2 and 3Π1 were made.
Fits to such data forV′)2 are illustrated in Figure 6. Based
upon the extensive data set forV′)2 in He, which included many
integrated spectra plus time-resolved growth and decay meas-
urements, we believe that the spin-orbit rate constants forV′)2
are good to( 20%. The most important conclusion is that both
the mechanism and the spin-orbit rate constants forV′)2 are
nearly the same as those forV′)0. The analysis14 of the data
for V′ ) 3 and 4 followed the same procedure as described for
V′)2. Since the number ofspectra and waveforms was less than
for V′)2, the uncertainty in the rate constants in the Table 2 is
estimated as(30%. For each vibrational level, thek2,0 andk1,0

rate constants are nearly equal andk1,0/k2,1 ∼ 2.
The last step in the analysis of theV′)2 data was to develop

a state-resolved model for vibrational relaxation. Spectra
obtained at 1-3 Torr, see Figures 2 and 3, for excitation of
3Π2,V′)2 and3Π1,V′)2 showed that direct transfer to3Π2,V′)1
and 3Π1,V′)1, respectively, must be included in the model.
Furthermore, for excitation of3Π2,V′)2, emission always
was observed from3Π0,V′)3, which indicates that the
3Π0,V′T3Π2,V′-1 process must be important. In principle, the
vibrational relaxation model for theV′)2 level has five rate
constants, the three3Πi(2)f3Πi(1) rate constants plus the
3Π0(2)f3Π2(1) and 3Π2(2)f3Π0(3) rate constants, that need
to be assigned. As a starting point, we set the three∆Ω)0 rate
constants to be identical, and the other two rate constants were
allowed to vary. The values of the rate constants were assigned
by comparing calculated and experimental integrated band
intensities forV′ ) 1 and 0 following excitation to specific
3Π0,1,2,V′)2 levels and by simulating waveforms for the growth
of populations inV′ ) 1 and 0 (see Figure 6c). The correct
radiative branching rates14 were included in calculating the

TABLE 2: Spin -Orbit Relaxation Rate Constants for PF(A3Π)

Heb Arc

vibrational level k2,0 k2,1 k1,0 k2,0 k2,1 k1,0

0b,c 1.0+ 0.2 0.40( 0.08 0.80( 0.16 0.50( 0.8 1.2( 0.2 8.0( 1.2
1 not measured not measured
2 0.80( 0.16 0.32( 0.06 0.80( 0.16 0.40( 0.10 1.2( 0.2 6.0( 2.0
3 1.0( 0.3 0.35( 0.10 0.80( 0.24 not measured
4 1.2( 0.3 0.40( 0.12 0.80( 0.24 0.30( 0.10 1.3( 0.1 8.0( 2.0
5 not measured not measured 7.0( 2.1

a The units of the rate constants are 10-11 cm3 molecule-1 s-1; the values for the reverse rate constants were determined by detailed balance,
which is a factor of 0.51 at 300 K.b These values forV′)0 in He are consistent with the assignments given in ref 9.c The k2,0 andk2,1 values in
Ar are consistent with the assignments given in ref 9; however, thek1,0 value in Ar is much larger than the previous estimate (see text for explanation).

Figure 5. Total vibrational relaxation rate constant for PF(A,V′)2) in
He. (a) Waveforms, on a logarithmic scale, for the decay of the
PF(A3Π0,1,2,V′)2) levels following excitation of3Π0,V′)2 in 4.1 Torr
of He. Note that the spin-orbit states have reached their equilibrium
concentrations after 2µs. (b) Stern-Volmer plot of the long-time decay
constants, obtained from data such as shown in the top part, vs He
pressure. The point at zero pressure, which is theτ-1

V′)2 value from
Table 1, was added to better define the slope of the plot. The
extrapolation to estimateτ-1

v was made without this added point.
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relative band intensities for theV′ and V′-1 levels. The data
from excitation of3Π2(V′)3) also was used to fit k(3Π0(3)f
3Π2(2)). The best values arek(3Πi(2)f3Πi(1)) ) k(3Π0(2)f
3Π2(1)) ) 1.4× 10-12 andk(3Π2(2) - 3Π0(3)) ) 1.0× 10-12

cm3 s-1; the total vibrational rate constants for the three
individual Ω levels becomek(3Π2(2)) ) 2.4× 10-12, k(3Π1(2))
) 1.4 × 10-12, andk(3Π0(2)) ) 2.8 × 10-12 cm3 s-1. These
values are consistent withkHe

vib(2) in Table 1. Within the
uncertainty of the fitting of the data, the ratio,R, of k(3Π0(2) -
3Π2(1))/k(3Πi(2) - 3Πi(1)) was unity.

The spectra acquired for observation of the3Π0,1,2,V′)1
populations from excitations ofV′)2 levels, also showed
emission fromV′)0 levels. Thus, we were able to assign a
numerical value of 0.90× 10-12 for k(3Πi(1)f3Πi(0)) with the
assumption thatR ) k(3Π0(1)f3Π2(0))/k(3Πi(1) - 3Πi(0)) )
1. Analysis of waveforms and relative intensity ratios for
excitation of3Π0,1,2,V′ ) 3 levels with observation of growth
of populations in the3Π0,1,2,V′)2 levels gavek(3Πi(3) - 3Πi(2))
) 2.1 × 10-12 cm3 s-1. The k(3Π1(4) - 3Π1(3)) value was
estimated fromktotHe(4). Estimation of uncertainties in the

vibrational relaxation model must include the value ofR, as
well the values fork(3Πi(V) - 3Πi(V-1)). The value ofR could
be changed by 20%, but not by 40%, in fitting the data. We
estimate a(30% uncertainty for the He rate constants of Table
3.

B.2. Spin-Orbit and State-Resolved Vibrational Relax-
ation Rate Constants in Ar. The first step was to review the
previous assignment9 of the spin-orbit relaxation rate constants
for V′)0. Spectra, such as those shown in Figure 12 of ref 9,
and waveforms for selective excitation of the3Π0,1,2levels, such
as shown in Figure 7, were acquired14 and fitted to obtain the
improved rate constants(∼15% uncertainty) that are listed in

Figure 6. Waveforms illustrating the assignment of spin-orbit and
vibrational relaxation rate constants for PF(A3Π2,1,0,V′)2) in He. The
smooth curves are calculated decay plots. (a) Excitation of PF(3Π0,V′)2)
in 3 Torr with observation of the growth of concentrations in the3Π1,
V′)2 and3Π2,V′)2 levels. (b) Excitation of PF(3Π1,V′)2) in 1 Torr of
He with observation of the growth of concentration in the3Π0,V′)2
level. (c) Excitation of PF(3Π0,V′)2) in 4 Torr of He with observation
of the growth of concentrations in the3Π0,V′)1 and3Π1,V′)1 levels.
The rapid rise in the3Π0,V′)1 concentration identifies direct transfer
from the3Π0,V′)2 level. The3Π1,V′)1 concentration is mainly formed
by the two-step collisional cascade3Π0,V′)2 f 3Π2,V′)1 followed by
3Π2,V′)1f3Π1,V′)1. These data were acquired in the same experiments
as the data for the spectrum in Figure 3.

TABLE 3: State-Resolved Vibrational Relaxation Rate
Constantsa

vibrational level
Heb

∆Ω ) 0
Arc

∆Ω ) 0

1 0.9e 0.6d

2 1.4 1.4
3 1.9f

4 2.1g 1.7
5 2.7

a In units of 10-12 cm3 molecule-1 s-1; see text for an estimate of
uncertainties.b The ratiok(3Π0(V′) - 3Π2(V′-1))/k(3Πi(v′) - 3Πi(V′-
1)) was equal to 1.0.c The ratiok(3Π0(V′) - 3Π2(V′-1))/k(3Πi(v′) -
3Πi(V′-1)) was equal to 2.0.d Assigned fromkvib

Ar reported in ref 9.
e Assigned in this work; however, the result agrees withkvib

He measured
in ref 9. f Assigned from thekHe

vib(3) value in Table 1 plus intensity
ratios at 1 and 4 Torr from excitation of3Π0(V′)3). g Estimated from
the kvib

He(4) value in Table 1.

Figure 7. Waveforms for the excitation of (a) PF (A3Π1,V′)0) and
(b) PF(3Π2,V′)0) in 1.0 Torr of Ar. The smooth curves are the simulated
results. Note the much faster decay rate of3Π1,V′)0 than for3Π2,V′)0.
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Table 2. The previously assigned9 value fork2,0 andk2,1 were
confirmed; however, the value fork1,0 previously had been
seriously underestimated. The fact thatk1,0 is significantly larger
thank2,1+k2,0 is clearly evident from the waveforms of Figure
7b. The error can be traced to an analysis based on data acquired
at too high a pressure.9 A reliable value ofk1,0 only can be
obtained from spectra for which collisional coupling of the
populations in the3Π0 and 3Π1 states occurs on a time scale
comparable to the radiative lifetime, and not on a significantly
shorter scale, as happens at higher pressures. Another experi-
mental problem, which was not recognized,9 was clipping of
the fluorescence signal by the digitizer in some of the acquired
waveforms. Several tests were made in the present work from
experiments with pressurese1.5 Torr, and thek1,0 ) (8.0 (
1.2) × 10-12 cm3 s-1 value should be firmly established. The
rapid equilibration of the populations in the3Π0 and3Π1 levels
makes analysis of the vibrational relaxation mechanism in Ar
difficult. In the paragraphs that follow, analysis of the data for
V′ ) 2 and 4 is described in some detail. The total vibrational
relaxation rate constant measured in ref 9 forV′)1 was used to
estimate the value fork(3Πi(1)f3Πi(0)) given in Table 3.

The fluorescence spectra from excitation of PF(A3Π2,V′)2)
in 4 Torr of He and Ar are compared in Figure 8. The degree
of spin-orbit and vibrational relaxation seems to be comparable
in the two cases, and the overall relaxation rate constants for
3Π2,V′)2 must be similar in He and Ar. However, this is a case
for which caution must be exercised in assignment of mecha-
nisms for otherΩ levels because, if theV′)2 case is likeV′)0,
the 3Π0 and 3Π1 state populations will be fully coupled at 4
Torr. The spectra in Figure 9 obtained from excitation of3Π1

in Ar clearly show that the transfer rate between the3Π1 and
3Π0 levels is very rapid and much faster than transfer from either
of these levels to3Π2. Some vibrational relaxation also is evident
in the 0.93 and 2.0 Torr spectra. A detailed analysis of the
pressure dependence of the relative band intensities and the
waveforms following selective excitation of3Π0,1,2,V′)2 levels
gave the same values, to within the combined experimental
uncertainties, ofk2,1, k2,0, and k1,0 that were found forV′)0.
However, a slightly better fit was found fork1,0 ) 6 × 10-11

rather than 8× 10-11 cm3 s-1. Analysis of the data for excitation
of V′)4 gave spin-orbit relaxation rate constants similar to those
for V′)0. The much faster mixing of the3Π0,1 levels, relative
to the transfer rate out of3Π2, is evident from the spectra for
excitation ofV′)4 in Figure 10. Limited experiments forV′)5
also gave a large value fork1,0. In summary, for all of theV′
levels studied,k1,0 seemed to be a factor of 5 larger thank2,1.

Extensive data were acquired for excitation ofV′ ) 2 and 4
to study vibrational relaxation. The overallkAr

vib (V′ ) 2 and
4) was measured as 3.1× 10-11 and >3.9 × 10-11 cm3 s-1

(Table 1); these Boltzmann weighted averages are dominated
by k(3Π0(V′) - 3Π0(V′-1)) + k(3Π0(V′) - 3Π2(V′-1)). We began
the more detailed analysis by assuming thatR)1. However,
inspection of the 0.5-1.0 Torr data for excitation of3Π0,V′)2
showed that more population was entering the3Π2(1) level than
3Π0(1) level. The fast mixing between the3Π1 and3Π0 levels
for both V′)2 and 1 precludes gaining any additional insight
from excitation of3Π1(V′)2). However, excitation of3Π2(2)
indicated that the growth of population in the3Π0(3) state was

Figure 8. Comparison of integrated fluorescence spectra in 4 Torr of
He and Ar following excitation of PF (A3Π2 ,V′)2). The nearly identical
spectra suggest that the overall spin-orbit and vibrational relaxation
rates for 3Π2,V′)2 must be similar in He and Ar. However, time-
resolved measurements, see text, identify significant differences in
mechanism.

Figure 9. Comparison of fluorescence spectra from the PF(A3Π0,1,2,V′)2)
levels following excitation to the A3Π1 level for three pressures of Ar.
Note the rapid transfer rate to3Π0,V′)2 (the3Π0 and3Π1 populations
are in near equilibrium at 0.93 Torr.) but the slow transfer rate to
3Π2,V′)2 and to3Π1,V′)1.
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comparable to the transfer to3Π2(1). The data were finally fitted
with R∼2 andk(3Πi(2) - 3Πi(1)) ) 1.4 × 10-12 cm3 s-1. The
pattern for relaxation fromV′)4 seems to be the same as for
V′)2, as can be observed by inspection of Figure 10. The degree
of vibrational relaxation toV′)3 is much less for excitation of
3Π2,V′)4 than for excitation of3Π1,V′)4 or 3Π0,V′)4 for the
same pressure of Ar. Furthermore, the3Π2,V′)3 emission band
is greatly enhanced for excitation of3Π1 or 3Π0, which shows
that R>1. TheV′)4 data were fitted byR)2 andk(3Πi(4) -
3Πi(3)) ) 1.7 × 10-12 cm3 s-1. The limited data acquired for
V′)5 in Ar showed that the vibrational relaxation mechanism
was similar to that forV′ ) 2 and 4. The degree of relaxation
in 3 Torr of Ar was 2-fold greater than for relaxation in 4 Torr
of He following excitation of3Π1,V′)5, which is consistent with
the largerkAr

vib in Table 1. Accessing the uncertainty inR and
k(3Πi(V′) - 3Πi(V′-1)) is difficult for V′ ) 2, 4, and 5. However,
it is clear thatR is larger for Ar than for He, but that thek(3Πi(V′)
- k(3Πi(V′-1)) values are comparable in He and Ar.

Discussion

The radiative lifetimes of PF(A3Π0,1,2) molecules are inde-
pendent ofΩ, but decline from 4.2( 0.2 to 1.8( 0.1 µs for
V′)0-5. The variation of the lifetimes with vibrational level
agrees with spectroscopic band-intensity data.13 The band
intensities and radiative lifetimes fit a transition-dipole funtion
that declines with increasing〈rV′,V′′〉. The present work has

provided improved values fork2,0, k2,1, andk1,0 for relaxation
of PF(A3Π 0,1,2,V′)0) by He and Ar, which were first reported
in ref 9, plus new measurements for higher vibrational levels,
up to V′)4 in He andV′ ) 5 in Ar. The values of the spin-
orbit relaxation rate constants are independent of vibrational
level; however, the individual rate constants are different for
Ar vs He. The rate constants for∆Ω)-1 changes are larger
for Ar than for He; however, the rate constant for∆Ω)-2
change is actually a factor of 2 smaller for Ar than for He. Thus,
the sums ofkHe

2,1+kHe
2,0 andkAr

2,1+kAr
2,0 have about the same

values. However, because of the difference in reduced mass,
the cross sections will differ by a factor of 2.5. The∆Ω)-1
processes for3Π2 and3Π1 differ with k1,0 being the larger by
factors of∼2 for He and∼6 for Ar. A model was developed
that included the spin-orbit states to interpret the vibrational
relaxation rates for He and Ar. The minimum number of∆V)-1
pathways are the three3Πi(V′)f3Πi(V′-1) processes plus the
3Π0(V′)f3Π2(V′-1) step. The∆V)+1 rate for 3Π2(V′)f
3Π0(V′+1) also is needed to describe the overall vibrational
relaxation of the population in a givenV′ level. Thek(3Πi(V′)f
3Πi(V′-1)) values are similar in both He and Ar, but the
k(3Π0(V′)f3Π2(V′-1)) value is 2 times larger in Ar than that
in He. The present data for PF(A3Π) provide a reliable set of
rate constants for the spin-orbit and vibrational relaxation for
a 3Π molecule with Hund’s case (a) coupling. The need to
explicitly include the spin-orbit states in the vibrational
relaxation mechanism may be more general than previ-
ously recognized for3Π2,1,0 molecules with large spin-orbit
energies.

According to the propensity rule based upon a first-order
perturbation treatment,16 k2,0 > k2,1 ≈ k1,0 for a 3Π2,1,0state with
Hund’s case (a) coupling.17-19 In fact, for PF(A),k2,0/k2,1≈2
and k1,0/k2,1≈2 in He andk2,0/k2,1)0.5 andk1,0/k2,1≈6 in Ar,
and the propensity rule has limited utility. A similar conclusion
was reached for the spin-orbit relaxation rate constant for
SO(A3Π0,1,2) in He and Ar. Since some of the results for SO(A)
are not readily accessible, a summary is given below for easy
comparison to the PF(A) results. Case (a) coupling is valid for
the thermally populated (Ne35) range of rotational levels of
both PF(A3Π) and SO(A3Π), and the failure of the predicted
propensity rule regarding the difficulty for∆Ω)(1 changes
cannot be attributed to the onset of Hund’s case (b) coupling
for the higher rotational levels.

The relaxation of SO(A3Π) V′ ) 06a and 16b in Ar was studied
in considerable detail following excitation of each of the three
Ω states. The assigned rate constants in Ar for∆Ω)-1 change
arek2,1 ) (1.6 ( 0.8)× 10-11 and (2.0( 0.5)× 10-11; k1,0 )
(3.2 ( 1.0) × 10-11 and (5.5( 0.5) × 10-11 cm3 s-1 for V′ )
0 and 1, respectively. Those data were fitted without a3Π2f3Π0

rate; certainlyk2,0 is smaller thank2,1. McAuliffe et al.7 reported
effective rate constants for spin-orbit relaxation following
excitation of3Π1(V′ ) 0 and 1) that are somewhat smaller than
Lo’s value fork1,0. Their kinetic analysis, which did not include
reversible steps, could lead to an underestimate ofk1,0, and they
concluded that the two sets of experiments were in agreement.
McAuliffe et al. also reported results for experiments in He,
and the∆Ω)-1 rate constants based on3Π1(V′ ) 0 and 1)
excitation were (1.2( 0.5) × 10-11 and (1. 0( 0.3) × 10-11

cm3 s-1, respectively, which are, on average, 1.5 times smaller
than their results for Ar. Qualitative observations from excitation
of 3Π1 and3Π 0(V′)0) in He by Lo6b favor rate constants that
are about 2-fold smaller than in Ar. Thus, both studies agree
that the∆Ω)-1 rate constants are smaller in He than Ar.
Spectra6b from excitation of3Π1 in He suggest that k1,0 probably

Figure 10. Comparison of fluorescence spectra for excitation of
PF(A3Π0,1,2,V′)4) levels in 1.5 Torr of Ar. Note the much more rapid
relaxation following excitation of the3Π0 and3Π1 concentrations (lower
and middle spectra) relative to the relaxation following excitation of
the 3Π2 concentration (upper spectrum).

8246 J. Phys. Chem. A, Vol. 106, No. 36, 2002 Nizamov and Setser



is larger thank2,1. Unfortunately, no reliable data exist for
excitation of3Π2 in He. On the basis on excitation of3Π0 with
observation of formation of3Π2, thek2,0 rate constant must be
no larger than thek1,0 rate constant. The vibrational relaxation
of SO(A3Π),V′)1 has been interpreted as being dominated by
the 3Π0(V′)1)f3Π2(V′)0) step.6 To within the experimental
uncertainty, McAuliffe found the vibrational relaxation rate
constants in He and Ar were the same,7 ∼4 × 10-12 cm3 s-1;
however, Lo6b favors a somewhat larger rate constant (7.5(
1.5)× 10-12 cm3 s-1 for Ar.6d Based on these limited data, the
∆V′)-1, ∆Ω)0 pathways seem less important for SO(A,V′)
than those for PF(A,V′).

Since the rotational relaxation rate with conservation of fine
structure level (e.g., without spin-orbit relaxation) is the fastest
relaxation process, the present work provides no information
about the microscopic details of the intial and final rotational
states of PF(A) in the∆Ω g -1 or -2 processes. However,
many of these details are available18 for He interacting with
PH(A3Π2,1,0;V′)0); the naive molecular-orbital configuration is
σ1π3, which has an inverted ordering of the spin-orbit states
(A)-116 cm-1). State-resolved product formation from excita-
tion of N′)1-6 was reported. The spin-orbit rate constants
for the nearly pure case (a) coupled levels of PH(A),N′e3, are
approximately five times larger than those for PF(A). The
∆Ω)(1 and∆Ω)(2 rate constants were largest for transfer
with small change in rotational state, i.e.,∆N′ ) 0 and(1.
The rate constants associated with∆Ω)+1 change increased
from ∼5 × 10-11 to 12× 10-11cm3 s-1 for N′)1-6, and they
became comparable to those for∆Ω)0, ∆N′)(1 processes
for N′g4, i.e., the spin-orbit state changing rates became
comparable to the purely rotational relaxation rates. The increase
in the rate constant for∆Ω)+1 change seems to follow the
degree of mixing between the case (a) basis functions, which
grows with increasingN′.18 In contrast, the rate constants for
∆Ω)+2, which are=5 × 10-11 cm3 s-1, are independent of
N′. The calculated, forN′)3, theoretical cross sections18 for
∆Ω)+2 changes also are 3-4 times smaller than for∆Ω)+1
changes; the fractional contribution18 of case (a) wave functions
for N′)3 is about 90%. At least for He interacting with PH(A),
the ∆Ω ) (1 and (2 processes seem to occur with small
changes in rotational state. This may be applicable to PF(A),
but the much higher range of N′ for PF(A) than for PH(A) must
be remembered in making this comparison. The PH(A)+ He
collisions certainly do not exhibit the predicted propensity for
smaller cross sections for∆Ω)(1 change than for∆Ω)(2
change in either the experimental or theoretical results.18

Since the vibrational frequencies of PF(A) and IF(B3Π0+)
are similar, 436 and 411 cm-1 respectively, their vibrational
relaxation rate constants can be compared. The relaxation of
IF(B,V′)3) has been studied in He, Ne, Ar, and Kr, andV′)1-8
have been studied in He.20 The relaxation mechanism is direct
and does not involve any intermediate electronic state of IF,
and the relaxation cross sections changed with reduced mass
as expected for vibrational-to-translational energy transfer
according to the SSH theory. The collision cross-sections in
He for IF(B,V′)2), 0.31 Å2, and for PF(A,V′)2), 0.11 Å2, differ
by a factor of 3. The cross section for IF(B,V′)3) in Ar, 0.26,
Å2, is a factor of 2 smaller than that for He. On the other hand,
the cross section for PF(A,V′)2) in Ar, 0.27 Å2, is a factor of
2.5 larger than for He. In both He and Ar, the PF(A) comparison
is for the 3Πi(2)f3Πi(1) process. The SSH theory, which
describes V-T transfer as a consequence of interactions on the
repulsive part of the intermolecular potential, predicts that the
cross section in Ar should be smaller than for He. Therefore,

the assumptions of the SSH theory seem not to be applicable
to Ar + PF(A,V′) interactions. The3Π0(V′)f3Π2(V′-1) process
that is important for both PF(A) and SO(A) requires more
advanced models than V-T transfer. Presumably the smaller
energy defect, relative to the3Π2(V′)f3Π0(V′) process, partly
compensates for the change inV′ quantum number, since the
rate constant for the∆V)-1, ∆Ω)+2 process is approximately
equal and five times smaller than for the∆V)0, ∆Ω)-2
process in Ar and He, respectively.

As the final point, we will focus on the largek1,0 value in
Ar, which corresponds to a 16-20 Å2 cross section and is within
a factor of 3-4 of the gas kinetic limit. This experimental result
suggests that the potentials for the Ar-PF(A3Π0) and Ar-
PF(3Π1) pair differ from those of Ar-PF(A3Π1) and Ar-
PF(A3Π2). Additional evidence for something special about the
Ar-PF(3Π0) potential is the enhancedk(3Π0(V′)f3Π2(V′-1))
rate constant in Ar. Support of this idea can be inferred from
the spectroscopic data, which show that the PF(3Π0, e levels)
and the PF(3Π1, e and f levels) states are homogeneously
perturbed by the PF(b1Σ+) and PF(d1Π) states, respectively.13,21

Perhaps, additional mixing of PF electronic states occurs during
the collisional interaction of Ar with PF(3Π0 and3Π1), but not
with PF(3Π2). We will focus on the possible consequences of
the mixing of A3Π0 (e levels) with the b1Σ+ state on the
interaction potentials. Unlike NH(A3Π),22 localized perturbations
of the PF(A3Π) rotational levels do not seem to exist and
gateway-mediated mechanisms need not be considered.

The interaction potentials for He or Ar with singlet or triplet
Π state diatomic molecules have A′ and A′′ components when
the spin contributions are ignored.23,24 For PH(A3Π), the VA′′
component is the more repulsive one because the filledπ orbital
is in the plane containing the three atoms, whereas for VA′ the
half-filled orbital is in the plane.18,23,25 Since PF(A) has the
3σ21π42π*14σ*1 configuration, the VA′ and VA′′ potentials
correspond to interaction with half-filled orbitals in both cases.
Presumably, VA′ is the more repulsive, but the VA′ and VA′′ may
be more similar than for the PH(A) example. The sum, V+,
and difference, V-, of the VA′ and VA′′ potentials actually are
needed to describe the collisional processes, and V- is consid-
ered to be responsible for collision-induced change of popula-
tions between the spin-orbit states.16,23,24 The PF(d1Π) state
has the same molecular orbital description as PF(A3Π) and, to
a first approximation, adding a PF(d) component to the
PF(A3Π1) state would not alter the relative positions of VA′ and
VA′′. However, the b1Σ+ state (σ2π4π*2) has only an A′ potential.
At least for the interaction of NH(b) with Ar, the Vb,A′ differs
from the VX,A′′.26 We would expect the Ar-PF(b1Σ+) interaction
to be more attractive than the Ar-PF(A3Π0) interaction. Because
of mixing of the b and A states, the Ar-PF(3Π0(A′)) potential
may differ from the A′ potentials associated with the3Π1 and
3Π2 states. Relatively small changes in VA′ can alter the
difference potential, V-, and affect the collisional coupling
between the3Π1 and 3Π0 levels. A more attractive potential
for Ar-PF(3Π0) than for He-PF(A3Π0) also would help to
explain the greater importance of the3Π0(V′)-3Π2(V′-1)
pathway in Ar vs He. Recent state-resolved studies with
CN(A2Π) have demonstrated that remarkably different relax-
ation mechanisms exist for Ar vs He collisions.27

Conclusions

The radiative lifetimes of PF(A3Π0,1,2) decrease from 4.2 to
1.8 µs from V′ ) 0 to 5. This decrease has been explained by
a transition-dipole function that declines with increasing〈rV′,V′′〉.14,21

The relaxation mechanism and rate constants for spin-orbit
relaxation at 300 K in He and Ar have been assigned for
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PF(A3Π0,1,2) molecules, which follow Hund’s case (a) coupling
of spin and orbital angular momentum. Following pulsed laser
excitation to a given state, rotational relaxation proceeds with
conservation ofΩ, and the assigned spin-orbit relaxation rate
constants are for a 300 K distribution of rotational states. For a
specific bath gas, the mechanism and rate constants are
independent of vibrational level up toV′)5. Both ∆Ω ) -1
and-2 processes occur with the∆Ω)-1 rate constants being
larger in Ar than in He. Somewhat surprising, the rate constants
for transfer of population between the3Π1 and3Π0 levels are
larger than those for transfer between the3Π2 and3Π1 levels,
even though both involve∆Ω)-1 change. These experimental
results do not support the propensity rules based on first-order
perturbation theory for spin-orbit changing rates of case (a)
coupled3Π molecules.

Vibrational relaxation proceeds by∆V)-1 changes with
conservation of theΩ state, as well as with changes inΩ so as
to minimize the energy defect, i.e., PF(3Π0(V′))+He or Ar giving
PF(3Π2(V′-1)) must be included in the mechanism. The
vibrational relaxation rates are about 5 times slower than those
for spin-orbit relaxation. The cross sections for vibrational
relaxation by Ar are larger than those for He in contrast to the
expectation for a normal vibrational-to-translational energy
transfer process. This result, plus the ease for collisionally
induced∆Ω)(1 changes, suggest that the attractive part of
one or more of the interaction potentials between PF(3Π0,1,2)
and Ar are stronger than expected from purely electrostatic
interactions.
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